CHAPTER 14. ESTIMATING PRESSURE RISE
ATTRIBUTABLE TO A FIREIN A CLOSED COMPARTMENT

14.1 Objectives

This chapter has the following objectives:

. Discuss some systems of pressure measurement.
. Explain how to calculate pressure rise.
. Define relevant terms, including pressure rise.

14.2 Introduction

In a closed compartment or a compartment with small leakages, the release of heat from the
combustion process could cause compartment pressure to rise as a result of the volumetric
expansion of gases. Itis this pressure rise that drives the mass flow out, and prevents mass flow
into the compartment. In Chapter 2, we referred to this as the first stage of the fire.

When thermal energy rapidly accumulates in the form of hot gases, and the compartment has small
openings to the surroundings, this pressure rise is very rapid and any hydrostatic pressure
differences with height are negligible. For example, an addition of 100 kW to a 60-m? (2,119-ft*)
enclosure with an opening of 0.01 m? (0.10 ft*) will cause a steady-state pressure rise of ~1,000 Pa
(0.14 psi) in several seconds. The hydrostatic pressure difference decreases at a rate of 10 Pa
(0.0014 psi) per meter as the heightincreases. In this case, we see that the difference is negligible
and the vent flow is determined by the pressure rise caused by the volumetric expansion of gases.
Figure 14-1 illustrates the overpressure-time profile in an enclosure.

ambient pressine

Returne e

lirne
14 t

Pasitive Megative

Prezsure Preszsu-e

—
r=

Chrerpressure

Figure 14-1 Overpressure Generated at a Fixed Location

Failure of a compartment due to pressure rise from a fire would be extremely rare. The vast
majority of compartments have some form of leakage. Pressure rise (and buoyancy) are important
to recognize in fire dynamic analysis because the increase in pressure can cause smoke and other
products of combustion to be transported into adjoining compartments.
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14.3 Definition of Pressure

Pressure can be defined as the amount of force brought to bear on some unit area of an object.
When we press our thumb down on a table, we are applying force on the table. The harder we
press, the greater the force, and the greater the pressure we apply to the table’s surface.

Similarly, the air in the sky above us presses down on our bodies and all objects around us with a
pressure of approximately 14.7 pounds per square inch (psi) of surface area. This pressure, which
is essentially the average air pressure at sea level, is also known as one standard atmosphere.
A pressure of two atmospheres generally means that a pressure of 29.4 psiis present, ortwo times
the standard atmospheric pressure of 14.7 psi.

We emphasize the word “generally” because pressure also has absolute and relative scales of
measurement. The 14.7 psi of atmospheric pressure at sea level is an absolute measurement,
which is more properly presented in units of pounds per square inch-absolute, or psia for short.
Zero psia refers to a complete absence of pressure, such as one might find in the perfect vacuum
of outer space. By contrast, the most common relative scale of measurement, which is primarily
used only in the United States, presents numerical values in terms of gauge pressure, where a
reading of zero matches an absolute pressure of one standard atmosphere. In this system,
an absolute pressure of 15.7 psia would be expressed as 1.0 pound per square inch-gauge,
or 1.0 psig for short. Thus, two atmospheres of absolute pressure would be equivalent to
one atmosphere gauge pressure (Handbook of Chemical Hazard Analysis Procedures).

Among the other systems of pressure measurement that are of an absolute nature, the most
common include the following examples:

. Millimeters of mercury (mm Hg): 760 mm Hg equal one standard atmosphere.

. Inches of mercury (in. Hg): 29.9 in. Hg equal one standard atmosphere.

. Pascals (Pa) or Newton per square meter (N/m?): 101,325 Pa or 101,325 N/m?
equal one standard atmosphere.

. Bars: 1.01325 bars equal one standard atmosphere.

. Inches of water (in. H,0): 407.6 in. H,O equal one standard atmosphere.

Inches of water and inches of mercury are not commonly used in the scientific community, with the
exception that meteorologists have traditionally reported current atmospheric pressures in inches
of mercury. Nonetheless, it is beneficial to know of their existence.
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14.4 Pressure Rise Calculations

As previously discussed, the combustion process raises the temperature of a gaseous system.
This increase in temperature, in turn, causes a pressure rise attributable to expansion of the gases.
According to the ideal gas law, when heat is added to an ideal gas in a fixed volume, the pressure
mustrise in response to the temperature. In a building fire situation, the resulting pressure and the
rate of pressure rise are often kept very small by gas leaks through openings in the walls of the
buildings (such as cracks around windows and doors). However, situations may arise where the
enclosure can be considered to be well sealed, such as certain compartments on ships.

According to Karlsson and Quintiere (1999), the maximum pressure difference inside a compartment
as a result of expansion of gases is given by the following expression:

P-P, _ Qt
E, Vp, o1,

(14-1)

Where:
P = compartment pressure attributable to combustion (atm)
P, = initial atmospheric pressure (atm)

[J = heat release rate of the fire (kW)

t = time (sec)

V = compartment volume (m?®)

p, = ambient air density (kg/m®)

¢, = specific heat of air at constant volume (kJ/kg-K)
[values of c, range from 0.71 to 0.85 kJ/kg-K]

T, = ambient air temperature (K)

14.5 Assumptions and Limitations

The method discussed in this chapter is subject to several assumptions and limitations:

(1) The energy release rate is constant.

(2) The mass loss rate of the fuel is neglected in the conversion of mass.

(3) The specific heat does not change with temperature.

(4) The hydrostatic pressure difference over the height of the compartment is ignored

and assumed to be negligible compared to the dynamic pressure.
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14.6 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:
compartment width (ft)

compartment length (ft)

(1)

(2)

(3) compartment height (ft)
(4) fire heat release rate (ft)
(

5) time after ignition (s)

14.7 Cautions

(1) Use (14_Compartment_Over_Pressure_Calculations.xls) spreadsheet on the CD-ROM
for calculations.

(2) Make sure to input values using correct units.

14.8 Summary

According to the ideal gas law, when heat is added to an ideal gas in a fixed volume, the pressure
mustrise in response to the temperature. In a building fire situation, the resulting pressure and the
rate of pressure rise are often kept small by gas leaks through openings in the walls of the buildings
(such as through penetrations and cracks around windows/doors). However, situations may arise
where the enclosure can be considered to be well sealed. Itis important to recognize the increase
in pressure within the fire compartment will cause products of combustion to also be transported
into adjacent spaces.

The purpose of this chapter is to provide simple analytical method for calculating the dynamic
pressure build-up in a closed compartment. We then use the results to show that the rapid
pressure rise. This result can be used to justify the so-called “constant pressure assumption,”
which is typically used when examining a “leaky” compartment fire.

14.9 References

Handbook of Chemical Hazard Analysis Procedures, Federal Emergency Management Agency
(FEMA), US Department of Transportation (DOT), and U.S. Environmental Protection Agency
(EPA).

Karlsson, B.,and J.G. Quintiere, Enclosure Fire Dynamics, Chapter 8, “Conservation Equations and
Smoke Filling,” CRC Press LLC, New York, pp. 181-225, 1999.
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14.10 Problems

Example Problem 14-10.1

Problem Statement

A closed compartment in a facility pump room has dimensions 10 ft wide x 12 ft long x 10 ft high

(w, x I, x h)). A fire starts with a constant HRR of ¢ = 100 kW. Estimate the pressure rise
attributable to the expansion of gases after 10 seconds.

Solution

Purpose:
(1) Estimate the pressure rise in the compartment 10 seconds after ignition.

Assumptions:

(1) The energy release rate is constant.

(2) The mass rate of the fuel is neglected in the conversion of mass.

(3) The specific heat is constant with temperature.

(4) The hydrostatic pressure difference over the height of the compartmentis negligible

compared to the dynamic pressure.

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 14_Compartment_Over_Pressure_Calculations.xls

FDT® Input Parameters:
-Compartment Width (w,) = 10 ft
-Compartment Length (I,;) = 12 ft
-Compartment Height (h.) = 10 ft

-Fire Heat Release Rate ((J| = 100 kW
-Time After Ignition (t) = 10 sec

Results*

Pressure Rise 11.90 kPa (1.73 psi)
*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 14_Compartment_Over_Pressure_Calculations.xls

CHAPTER 14. ESTIMATING PRESSURE RISE DUE TO A FIRE IN A

CLOSED COMPARTMENT

Version 18050

The following calculations edimate the pressure rize in & com partment due to fire and com bugion.
Parametersin YELLOW CELLS are Entered by the User,

Al subsequert output values are calculsted by the spreadsheet and based on values spedfed in the input
patameters. This spreadshest iz protected and secure to avoid etrors dueto & wong enteyin a cellis).
The chapter inthe NUREG guide should be read hefore an analysisizmade.

INPUT PARAMETERS

COMPARTMENT INFORMATIOHN
Campartment Width () 10.00(t 305m
Campattment Length (1) 12.00(t 266 m
Compartment Height (ho) 10.00( 305m
Fire Hesat Release Rate (2] 100.00] Kk
Tim e atter lgnition &) 10.00( zee
Ambient Air Temperature (T,) Fr.oolF 25.00 °C

29800 K
[ Caleulate ||

AMEIEHNT COHDITIONS
Initial Attnospheric P ressure (P a) 14 70| psi 101.35 kPa
Specific Heat of Air at Constant Yolum e () 0.71 [kldeg-K
(Mote: Walues of oy ranges from 0.71 1o 085 kdikgk)
Ambient Air Density (0,) | 1 1.g|Wg/m

Maote: Air density wil autom atically corect with Ambient 2ir Temperature (T 5 Input
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METHOD OF KARLSSON AND GUINTIERE

Fet e e Hantssn and ol fee, Sno)

5 1izs, 1000, Page T 02
(P-POIR, =0t 0P e T
fhere F = compartment pressure due to fire and combustion P )
F. = initial atmos pheric pressure (kP )
0= heat relea=e rate of the fire (k0
t=time atter ignition (s ec)
W= compartmertwolume fm )
F.=ambient density og'm )
o = zpecific heat of gir at corstant valume Goddog-F)
T.= ambient air temperature (k)

Compartment volume Calouladion
W=wmxlxh

i hara W=wolume of the compartment(m?)
. = compartment width ()
|. = comp artment le ngth m)
h- = compartment height (m)
W= 229 m 1200 1

Pressure Ri==in Compart ment
(FP-FPAM/P. =0t/ 0P e T

(P-P¥P. = 0417 atm
hultiphying by the atmospheric pressure (P =101 kP a
Gives 3 pressure differance = ( 1180 kP=a 1.7 psi

This example shones that in a wenyshort ime the pressure in a closed comparment rises to
quite large wvalue.

host buildings have le dis ofsome sort The abowe example indicates that even though a fire
companment may be closed, the pressure i wery rapid and would presumably lead to sufficie nt
le 3z to prevent further pressure rise from occarring. e will use this concluzion when de aling
with pressure rises in endosures with s mallledis.

The abowe calculations are based on principles developed inthe Endosure Fire Dwynamics.
Calculations are based on certain assumptions and b ave inherent limitations. The results of

such caloulations may or may not hawe reasonable predictive capabilities for a given situation,

and should onby be interpreted by an informed user.

Although each calculation in the s preadsheet has been verified with the results of hand calculation,
there 5 no absolute guarantee of the accuracy of these caleul ations.

Aoy questions, comments, concerns, and suggestions, or to repart an erron=) in the spreadsheet,
pleaze=end an emailto reif@nre.gow or mes 2N rc.g .
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Example Problem 14.10-2

Problem Statement

A facility has a sealed compartment (assume zero leakage) with a blowout panel that is designed
to fail at two atmospheres. The compartment is 20 ft wide x 25 ft long x 10 ft high. A fire is
assumed with a constant heat release rate of 255 kW.

At what time (sec) does the blowout panel fail?

Solution

Purpose:
(1) Estimate the time after ignition the pressure reaches 2 atm (202.5 kPa).

Assumptions:

(1) The energy release rate is constant.

(2) The mass rate of the fuel is neglected in the conversion of mass.

(3) The specific heat is constant with temperature.

(4) The hydrostatic pressure difference over the height of the compartmentis negligible

compared to the dynamic pressure.

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 14_Compartment_Over_Pressure_Calculations.xls

FDT?® Input Parameters:
-Compartment Width (w,) = 20 ft
-Compartment Length (1) = 25 ft
-Compartment Height (h_) = 10 ft

-Fire Heat Release Rate ((}| = 255 kW
-Time After Ignition (t) = varies until output is 202.5 kPa

Results*

Time after ignition 278 sec
*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 14_Compartment_Over_Pressure_Calculations.xls

CHAPTER 14. ESTIMATING PRESSURE RISE DUE TO A FIRE IN A

CLOSED COMPARTMENT

Version 18050

The following calculations edimate the pressure rize in & com partment due to fire and com bugion.
Parametersin YELLOW CELLS are Entered by the User,

Al subsequert output values are calculsted by the spreadsheet and based on values spedfed in the input
patameters. This spreadshest iz protected and secure to avoid etrors dueto & wong enteyin a cellis).
The chapter inthe NUREG guide should be read hefore an analysisizmade.

INPUT PARAMETERS

COMPARTMENT INFORMATIOHN
Campartment Width () 2000t G.10m
Campattment Length (1) 25.00(t TEImM
Compartment Height (ho) 10.00( 305m
Fire Hesat Release Rate (2] 255.00] Kk
Tim e atter lgnition &) 278,002
Ambient Air Temperature (T,) Fr.oolF 25.00 °C

29800 K
[ Caleulate ||

AMEIEHNT COHDITIONS
Initial Attnospheric P ressure (P a) 14 70| psi 101.35 kPa
Specific Heat of Air at Constant Yolum e () 0.71 [kldeg-K
(Mote: Walues of oy ranges from 0.71 1o 085 kdikgk)
Ambient Air Density (0,) | 1 1.g|Wg/m

Maote: Air density wil autom atically corect with Ambient 2ir Temperature (T 5 Input
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METHOD OF KARLSSON AND GUINTIERE

Fek e pce: Halsson and oul fee, S

X 1, 1000, Page 02|
(F-PFPOP, =0t VR e T
fhere F = compartment pressure due o fire and combustion GoP a)
P. = initial atmas pheric pressure (kP )
0= heat release rate of the fire (k0
t=time after ignition (sec)
W= compartmert walume (mo
P.=ambient density Jog'm )
o = specific heat of air at constant wolume Qeldog- K
T.= ambient air temperature (k)

Compart ment Yolume Calculdion
W=wmexlxh

i here W=volume of the compatment(m?
. = comp artment width (m)
|. = comp artmenit length Cm)
h- = compartment height (m)
W= 14152 m 000 1t

Fressure Ris=in Compart ment
(F-PJ/P, =0t/ VR e T

[F-F.¥P, = 1,95 atm
hlu i phying by the atmospheric pressure (P =101 kP a
Gives 3 pressure differance = (l A2 A8 kP=a 29.37 psi

This example shones that in a3 wenyshort ime the pressure in a closed companment rises to
quite large value,

host buildings have le dis ofsomesort The abowe example indicates that even though a fire
companment may be closed, the pressure & wery rapid and would presumably lead to sufficie nt
lediz to prevent further pressure rise from occarring. e will use this conclusion when de aling
with pressure riges in end osures with s mallledis.

The abowe calculations are based on principles developed inthe Endosure Fire Dynamics.
Calculations are based on certain assumptiors and have inherent limitations. The results of

such calculations may or may not hawve reasonable predictive capabilitias for a given = tuation,

and zhould onby be interpreted by an informed user.

Although each calculation in the s preadsheet has been varified with the results of hand calculation,
there = no absolute guarantes of the accuracy of these calcul ations.

Aoy questions, comments, concerns, and suggestions, or to report an erron’s) in the spreadshe e,
please send an emailto reif@nrc.gow or mesSEnc.go.
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CHAPTER 15. ESTIMATING THE PRESSURE INCREASE
AND EXPLOSIVE ENERGY RELEASE
ASSOCIATED WITH EXPLOSIONS

15.1 Objectives

This chapter has the following objectives:

. Define the nature and implications of an explosion.

. Explain the various causes, hazards, and effects of explosions.

. Explain how to calculate the energy released by an explosion.

. Explain how to calculate the pressure increase attributable to an explosion.

15.2 Introduction

In its most widely accepted sense, the term “explosion” means a bursting associated with a loud,
sharp noise and an expanding pressure front, varying from a supersonic shock wave to a relatively
mild wind. The term has also been extended to encompass chemical or physical/chemical events
that produce explosions.

An explosion is defined as a sudden and violent release of high-pressure gages into the environment.
The primary keyword in this definition is “rapid.” The release must be sufficiently fast so thatenergy
contained in the high-pressure gas dissipates in a shock wave. The second key word is “high
pressure,” which signifies that, at the instant of release, the gas pressure is above the pressure of
the surroundings. Note that the basic definition is independent of the source or mechanism by
which the high-pressure gas is produced (Senscal, 1997).

Despite this commonly accepted definition, the literature includes many other interrelations of the
concept of an explosion:

. A rapid release of high-pressure gases into the environment (Cruice, 1991).

. A sudden conversion of potential energy (chemical or mechanical) into kinetic energy in the
form of rapidly expanding gases (NFPA, 921).

. A physical reaction characterized by four elements: high-pressure gas; confinement or
restriction of the pressure; rapid production or release of that pressure; and change or
charge to the confining (restricting) structure, container, or vessel caused by the pressure
release. The generation and violent escape of gases are the primary criteria of an
explosion (NFPA 921).

. The noise or bang attributable to the sudden release of a strong pressure wave or blast
wave, which relates to the basic meaning of the word, “sudden outburst” (Bodhurtha, 1980).

. An exothermic chemical process that when occurring at constant volume, gives rise to a
sudden and significant pressure rise (Vervalin, 1985).
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. In general scientific terms, an explosion is said to have occurred in the atmosphere if energy
is released over a sufficiently small time and in a sufficiently small volume so as to generate
a pressure wave of finite amplitude traveling away from the source (Baker et al., 1983).
This energy may have originally been stored in the system in a variety of forms; these
include nuclear, chemical, electrical, or pressure energy, forexample. However, the release
is not considered to be explosive unless it is rapid enough and concentrated enough to
produce a pressure wave that one can hear. Even though many explosions damage their
surroundings, it is not necessary that external damage be produced by the explosion.
All that is necessary is that the explosion is capable of being heard.

While these definitions differ, they share the following characteristics of an explosion:

. release of high pressure gases
. rapid expansion of gases
. formation of a pressure wave or blast wave of sufficient intensity to be heard

The last of these characteristic is often favored by explosion investigators. The ability to be heard
enables investigations to define whether an incident was an explosion, based on what happened
and what the results were.

Explosions are often characterized by their primary means of generation (physical or chemical); this
categorization includes the following types of explosions:

. Physical explosions are those caused when the high-pressure gas is generated only by
mechanical means without any chemical change, as in the following types of explosions:
— external heating of a tank resulting in increased internal pressure and resultant
failure of the tank
— sudden release of super-heated liquid which flash-evaporates, causing a rapid
explosion

. Chemical explosions are those when the high-pressure gas is generated only by chemical
reactions without any physical or chemical interaction, as in the following:
— Combustion explosions are caused by rapid oxidation of combustion material, which
results in an explosion of gases that triggers a pressure wave. Combustion
explosions include the following types:

> dust explosions

> gas explosions

> natural gas explosions
> backdraft explosions

> mists

— Thermal explosions are a special class of chemical explosions where the heat
released by the reaction of two or more chemical compounds results in a more rapid
reaction rate that eventually results in an explosion. These types of explosions are
a great concern in chemical processes.

— Condensed phase explosions are those caused by rapid reactions of chemical
components in the solid or liquid phase. This type of chemical explosion includes
those resulting from high explosives or propellants (solid and liquid) used for missile fuel.
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— Nuclear explosions are associated with the fission or fusion of matter.

— Detonations and deflagrations are often distinguished by the speed or rate of
propagation of the combustion wave through the material. In a detonation, the flame
or combustion wave propagates through the reactants at supersonic speeds on the
order of 2,000 m/sec (6,562 ft/sec). By contrast, the rate of propagation in a
deflagration is below the speed of sound in air at 20 °C (68 °F), which is
approximately 330 m/sec (1,082 ft/sec). The fact that detonations propagate at
supersonic speeds implies the existence of a shock wave, which is the reason that
the reactions propagate so rapidly. (The shock wave compresses reactants,
causing the reaction to occur faster.) The practical distinction between detonations
and deflagrations also relates to the amount of damage caused. Specifically, the
pressure attained during a detonation can be up to 20 atmospheres (284 psi).
By contrast, the overpressure caused by the pressure in a typical deflagration wave
is on the order of 1 atmosphere (14.70 psi) for C,H, in air.

15.3 Explosion Hazard

The hazards associated with deflagration include catastrophic equipment failure, ejection of flame
and unburned product (possibly hazardous in its own right) into the surroundings, possible
secondary explosions leading to catastrophic facility damage, and personal injury. The following
elements must exist simultaneously in order for a deflagration to occur:

. a flammable mixture consisting of a fuel and oxygen, usually from air, or other oxidant
. a means of ignition
. an enclosure

The term “flammable mixture” denotes that the fuel and oxygen components are intimately mixed
and are each present at a concentration that falls within a flammable composition boundary
characteristic of each system of fuel, oxygen, and inert material (inert gas or solid). Ignition of a
flammable mixture occurs when a point source of sufficient energy achieves a temperature above
the ignition temperature of the mixture. All incandescent sparks (e.g., mechanical, electrical,
electrostatic) have sufficient temperature to cause ignition, but may lack sufficient energy to heat
a minimal propagating mass to its ignition temperature. A hot process surface may have a
temperature below that required for prompt ignition, but may have a large energy content. Dust
deposits on such surfaces can be subjected to accelerated self-heating and eventual ignition.

Should ignition of a flammable mixture occur within an enclosure, regardless whether of the
enclosure has ventilation points, the internal pressure willincrease as necessary, to satisfy the non-
steady-state material balance equation. The time needed to achieve the maximum deflagration
pressure depends on size of the enclosure and the characteristics of the fuel, but generally can
extend up to a few hundred milliseconds. Some venting of the expanding combustion gases occurs
through normal process openings, but these are usually too small to prevent the development of
destructive pressures.
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15.4 Explosive Range

A certain quantity—neither too little nor too much—of flammable gas mixed with a certain quantity
of air allows a mixture to become explosive and propagate the explosion flame. The lower and
upper boundaries of this “explosive range” are known as the lower explosion limit (LEL) and the
upper explosion limit (UEL), respectively’. When the quantity of flammable gas and/or air is either
below or above these boundaries, the mixture is not explosive and will not propagate the explosion
flame. At the LEL or UEL, the mixture will burn when ignited, causing an insignificant flame
propagation. Between the two boundaries, there is a point at which flame propagation reaches its
maximum.

15.5 Backdraft Explosion

Fires in oxygen-starved environments result in unburned fuel, “fuel vapor,” which is a complex
mixture of combustion gases, vapors, and aerosols suspended in the smoke. If the gas layeris hot
enough (i.e., at its ignition temperature) it may immediately ignite when the fuel-rich smoke layer
mixes with air (thereby receiving adequate oxygen) when the smoke-filled compartment or building
is vented.

By contrast, when the gas layer is relatively cool, particularly in a severely oxygen-restricted fire,
the fuel vapor may not immediately ignite when the compartment or building is vented. Rather, in
such instances the ignition of the fuel vapor may be delayed until fresh airis introduced, mixes, with
the vapor, and makes its way back to the fire source. When this occurs, the flame itself becomes
the ignition source, and the ignition delay results from the time required to mix the fuel-rich smoke
layer with oxygen-rich fresh air. This phenomenon, known as a “backdraft explosion,” has the
characteristics of a premixed fuel/air deflagration.

15.6 Smoke Explosion

It is also possible for a smoldering fire to produce sufficient unburned fuel and carbon monoxide
to form a premixed combustible atmosphere. If the smoldering fire raises the temperature to the
autoignition temperature of the mixture, the smoke/gas cloud will deflagrate causing a “smoke
explosion.” Such explosions have been observed in smoldering fires involving polyurethane foams.

The terms “upper flammability limit” (UFL) and “lower flammability limit” (LFL) are also used
to describe the flammable range of gases. For our purposes, they are synonymous with UEL
and LEL respectively.
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15.7 Unconfined and Confined Explosions

Explosions that occurin open air, known as “unconfined explosions,” are fundamentally different —
and require different countermeasures — than “confined explosions,” which occur within some sort
of containment. Confined explosions often occur in a process vessel or pipework, but may also
occur in buildings. The explosion of a flammable mixture in a process vessel or pipework may be
a detonation or a deflagration. The overpressure in a confined explosion is attributable to the
expansion of the hot gases and may be exacerbated by the release of gases through an explosion
vent (even a door or window) when the resulting turbulence produces a second pressure peak, as
illustrated in Figure 15-1 (Harris, 1983).
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Figure 15-1 Pressure Peaks of an Explosion Inside a Building
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Confined explosion usually will not cause an accidental release of gas in any quantity directly into
the atmosphere. Rather, such explosions usually release gases within some form of such as
compartment or building of an industrial plant. If a flammable mixture forms and is ignited under
these contained conditions, a confined gas explosion will occur. Moreover, if a gas is accidentally
released into the air, mixes with air and is ignited, the flame front travels through the mixture,
propagating in a spherical geometry whenever possible rather than remaining stationary, as
illustrated in Figure 15-2.
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Figure 15-2 Propagation of Explosion Flame
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15.8 Estimating the Effects of Explosions

When a firecracker or a stick of dynamite explodes, the violence and speed of the reactions taking
place produce what is referred to as either a shock wave or a blast wave. Technically speaking,
there is a difference between these two terms, but we will treat them rather interchangeably here.
Either type of wave can be thought of as a thin shell of highly compressed air and/or hot gases that
expands rapidly in all directions from the point at which the explosion is initiated. Such waves can
move at velocities exceeding the speed of sound in air, and, therefore, are capable of producing
sonic “booms,” much like those associated with supersonic aircraft. This is how significant
explosions produce a loud “bang.”

The damage caused by a shock or blast wave striking an object or a person is a complex function
of many factors, and it is well beyond the scope of this chapter to describe all of the complex
interactions involved. Instead, we will simply refer to the wave as a rapidly expanding shell of
compressed gases. We can then measure the strength of the wave in units of pressure (psi), and
we can relate the effects of peak overpressure within the wave (i.e., the maximum pressure in the
wave in excess of normal atmospheric pressure) to the level of property or personal injury that is
likely to result.

Table 15-1 lists damage effects on people and property, which might be expected to result from
explosions characterized by various peak overpressures (Clancey, 1972). Itis important to note
that peak overpressures in a shock or blast wave are highest near the source of the explosion and
decrease rapidly with distance from the explosion site. Additionally, it must be noted that the extent
of damage incurred is heavily influenced by the location of the blast relative to nearby reflecting
surfaces.

Table 15-1. Estimated Damage Attributable to Explosive Overpressure
(Clancey, 1972)

Overpressure* Expected Damage

(psig)

0.03 Occasional breaking of large windows that are already under strain.

0.04 Glass failure caused by loud noises (143 dB) or sonic booms.

0.10 Breaking of small windows under strain.

0.15 Typical glass failure.

0.40 Some damage to house ceilings; 10% window glass breakage.

0.40 Limited minor structural damage.

0.50-1.0 Windows usually shattered; some damage to window frames.

0.7 Minor damage to house structures.

1.0 Houses made uninhabitable by partial demolition.

1.0-2.0 Failure and buckling of corrugated metal panels; housing wood panels are blown in.
1.0-8.0 Slight to serious injuries (e.g., skin lacerations from flying glass and other missiles).
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Table 15-1. Estimated Damage Attributable to Explosive Overpressure

(Clancey, 1972)

Overpressure* Expected Damage

(psig)

1.3 Slight distortion of the steel frames of clad buildings.

2.0 Partial collapse of walls and roofs of houses.

2.0-3.0 Shattering of non-reinforced concrete or cinder block walls.

2.3 Lower limit of serious structural damage.

2.4-12.2 Up to 90% eardrum rupture among exposed populations.

2.5 50% destruction of home brickwork.

3.0 Distortion of steel frame buildings; may pull away from their foundations.
3.0-4.0 Ruin of frameless steel panel buildings.

4.0 Rupture of cladding of light industrial buildings.

5.0 Snappy of wood utility poles.

5.0-7.0 Nearly complete destruction of houses.

7.0 Overturning of loaded train cars.

7.0-8.0 Shearing of flexure causes failure of 8—12-inch thick non-reinforced brick.

9.0 Demolition of loaded train cars.

10.0 Probable total destruction of building.

0.10 Up to 99% fatalities among exposed populations as a result of direct blast effects.
* These are the peak pressures formed (in excess of normal atmospheric pressure) by blast and shock waves.
For Sl units, 1 psi = 6.894757 kPa.

As shown in Table 15-1, an explosion may give rise to (1) blast damage, (2) thermal effects,
(3) missile damage, (4) ground shock, (5) cratering, and (6) personal injury. Not all of these effects
arise from every explosion. For example, an aerial blast may not cause a crater.
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In addition to the personal injuries and property damage caused by direct exposure to peak
overpressures, the blast wave also has the potential to cause indirect, secondary effects:

. Damage may result from missiles, fragments, and environmental debris setin motion by the
explosion or by the heat generated.

. Damage may result from forcible movement of exposed people and their subsequentimpact
with ground surfaces, walls, or other stationary objects.

Many of the data on the effects of explosions come from studies of industrial and military
explosives, but an increasing amount of information is becoming available from the investigation
of process plant explosions.

15.8.1 Estimating Explosive Energy Release in a Confined Explosion

One typical explosion in an enclosure is caused by flammable gas leaking, which mixes with air in
the enclosure and subsequently ignites to cause an explosion.

The energy released by expansion of compressed gas upon rupture of a pressurized enclosure
may be estimated using the following equation (Zalosh, 1995):

E=uAH.m; (15-1)
Where:

E
o

explosive energy released (kJ)

yield (i.e., the fraction of available combustion energy participating in blast wave
generation)

AH_ = theoretical net heat of combustion (kJ/kg)

m. = mass of flammable vapor release (kg)

The yield, a, is typically in the range of 1 percent (0.01) for unconfined mass releases,
to 100 percent (1.0) for confined vapor releases (Zalosh, 1995). Table 15-2 presents the theoretical
net heat of combustion for flammable gases.
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Table 15-2. Heat of Combustion, Ignition Temperature,
and Adiabatic Flame Temperature* of Flammable Gases

Flammable Gas Heat of Ignition Adiabatic Flame
Combustion Temperature Temperature
AH_ (kJ/kg) Ty °C (°F) T.q °C (°F)
Acetylene 48,220 755 (1,391) 2,637(4,779)
Carbon monoxide 10,100 765 (409) 2,387 (4,329)
(commercial)
Ethane 47,490 945 (1,733) 1,129 (2,064)
Ethylene 47,170 875 (1,607) 2,289 (4,152)
Hydrogen 130,800 670 (1,238) 2,252 (4,085)
Methane 50,030 1190 (2,174) 1,173 (2,143)
n-Butane 45,720 1025 (1,877) 1,339 (2,442)
n-Heptane 44,560 - 1,419 (2,586)
n-Octane 44,440 - 1,359 (2,478)
n-Pentane 44,980 - 1,291 (2,356)
Propane 46,360 1,010 (1,850) 1,281 (2,338)
Propylene 45,790 1,060 (1,940) 2,232 (4,050)
*Adiabatic flame temperature of lower limiting fuel/air mixture.

15.8.2 TNT Mass Equivalent Calculations

One of the most common methods used to estimate the effects of an explosion is to relate the
exploding fuel to trinitrotoluene (TNT). This method converts the energy contained in the flammable
cloud into an equivalent mass of TNT, primarily because blast effects of TNT have been extensively
studied as a function of TNT weight and distance from the source. Hence, we can infer the blast
effects of an explosion by relating an explosion to an “equivalent” explosion of TNT. To do so, we
relate a given fuel type and quantity to an equivalent TNT charge weight, as follows (Zalosh, 1995):

E

Wy = iS00 (15-2)

Where:

Wt = weight of TNT (kg)
E = explosive energy released (kJ)
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15.8.3 Blast Effects

Blast effects can also be related to the equivalent weight of TNT using by the relationship between
the distance from the source, the charge weight, and the overpressure caused by the blast wave,
including the reflected shock wave. Figure 15-3 (Zalosh, 1995) gives the relationship between
overpressure and “scaled distance” (D,.) (in English and metric units). Scaled distance is the
distance at which the overpressure is calculated divided by the cube root of the TNT charge weight.

D
I'\’sc=—1

= 15-3
Wi, (15-3)
Where:
D,. = scaled distance [m/(kg)
D = distance at which the overpressure is calculated (m)

Wyt = weight of TNT (kg)
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Figure 15-3 Ideal Blast Wave Overpressure vs. Scaled Distance
(Zalosh, 1995, © SFPE. With permission.)
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15.9 Effects of Pressure on Humans and the Environments

Human beings are capable of withstanding relatively high dynamic pressures and considerably
higher static pressures. When people are fatally injured as a result of blast waves, it is usually
because of falling objects, rather than the pressure associated with the blast wave. Table 15-3
summarizes the pressure effects of blast waves on humans (Fischer et al., 1995), which also
depend on the impulse of the blastwave. With the exception of smoke gas explosions, fires seldom
reach pressures as high as those listed in Table 15-3. A maximum pressure of 8 bar is produced
if a premixed gas-air mixture is ignited inside a building. Outside a building, similar explosion
produce pressures of the same order of magnitude if the release results in an unconfined vapor
cloud explosion (UVCE). Even higher pressures result if the release causes a detonation both
inside and outside a building. However, detonations are very rare.

Usually, it is difficult to predict the pressures produced. In addition, the consequences for humans
depend to a significant degree on whether something nearby can strike people in the vicinity of the
explosion. Consequently, itis generally not worth the effort to find better values for pressure effects
on humans. Similarly, pressure effects are usually limited to a small area, and the effect of
pressure on the environment is seldom discussed.

Table 15-3. Pressure Effects on Humans

Pressure (kPa) Effect

35 kPa Limit for eardrum rupture
70 kPa Limit for lung damage

100 kPa 50-percent eardrum rupture
180 kPa 1-percent mortality

210 kPa 10-percent mortality

260 kPa 50-percent mortality

300 kPa 90-percent mortality

350 kPa 99-percent mortality
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15.10 Effects of Pressure on Components

Existing literature provides only limited data on the effects of pressure on components (such as
machines); however, itappears thatcomponents are usually unaffected by pressure if they are solid
and more sensitive to pressure variations if they contain cavities. When it comes to building
elements such as windows, walls, and doors, the literature does provide acceptable data.
Table 15-4 lists typical failure pressures of such elements (Harris, 1983).

Table 15-4. Typical Failure Pressures of Some Building Elements

Element Typical Failure Pressure
(kPa)

Glass windows 2-7

Room doors 2-3

Light partition walls 2-5

50-mm-thick breeze block walls 4-5

Unrestrained brick walls 7-15
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15.11 Estimating the Pressure Increase Attributable to a Confined Explosion

The combustion process raises the temperature of a gaseous system and that, in turn, increases
the pressure of the system by expanding the gases. The “ideal gas law” quantifies the effects,
as follows:

BT =PT, (15-4)

Where P, T, and P,T, represent the pressure and temperature at state 1 and state 2, respectively,
in a constant volume system.

The pressure increase caused by the expansion of the gases is determined by the following
equation:

T
P,=P -1 (15-5)
T,

Assuming that the entire confining enclosure is filled with a gas/air mixture, the maximum pressure
inside the enclosure at the end of combustion (P is given by the following equation:

max)

P T
Zmax __ad (15-6)
Pa:m]:- Ta.m]:-
and
—| |Pmb (157)
Where:

max = Maximum pressure at end of combustion (kPa)

.mbp = iNitial ambient atmospheric pressure prior to ignition (kPa)
T,q = adiabatic flame temperature of burned gas (K)

T.mp = initial ambient temperature gas/air mixture (K)

T T

Remember that absolute temperature (K or R) must be used in these equations. The adiabatic
flame temperature of the burned gas should be approximately the values shown for the given
flammable gas(es) in Table 15-2.
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15.12 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations:

(1) The method assumes point source blast wave energy correlation (i.e., TNT equivalent
energy).

(2) The ideal point source blast wave correlations cannot be valid within or near the flammable
vapor cloud.

(3) Flammable gases and vapors are mixed with air (or some other oxidant) in proportions

between the lower and upper flammable limits.

(4) It is important to recognize that practical applications of flammability/exposibility data for
explosion hazard evaluation should account for nonuniform or stratified vapor-air mixtures.

15.13 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:

fuel type (material)

(1)

(2) mass of flammable vapor (Ib)
(3) ambient temperature (°F)

(4)

ambient pressure (psi)

15.14 Cautions

(1) Use (15_Explosion_Calculations.xls) spreadsheet on the CD-ROM for pressure increase
and explosive energy release calculations associated with explosions.

(2) Make sure to enter the input parameters in the correct units.
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15.15 Summary

This chapter discusses methods of calculating the pressure increase and explosive energy release
associated with explosions. Within that content, an explosion is defined as a sudden and violent
release of high-pressure gases into the environment. The violence of the explosion depends on
the rate at which the energy of the high-pressure gasesis released. The energy stored in a car tire,
for example, is capable of causing an explosive burst, but it can also be dissipated by gradual
release. In general, an explosion can release any of the basic types of energy, including
(1) physical energy (2) chemical energy.

Physical energy may take such forms as pressure energy in gases, strain energy in metals, or
electrical energy. Examples of the violent release of physical energy include the explosion of a
vessel as a result of high gas pressure and the sudden rupture of a vessel as a result of brittle
fracture. Another physical form is thermal energy, which generally play an importantrole in creating
the conditions for an explosion, rather than as a source of energy for the explosion itself.
In particular, superheating a liquid under pressure causes flashing of the liquid if it is let down
to atmospheric pressure.

Chemical energy is derived from a chemical reaction. Examples of the violent release of chemical
energy are explosions of a vessel as a result of the combustion of flammable gas. Chemical
explosions are either (1) uniform explosions or (2) propagating explosions. An explosionin a vessel
tends to be a uniform explosion, while an explosion in a long pipe produces a propagating
explosion.
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15.18 Problems
Example Problem 15.18-1

Problem Statement

Inan NPP, a liquid propane gas (LPG)-driven forklift is used to un load materials from an upcoming
outage. Mechanical failure could result in the release of LPG in the area. The maximum fuel
capacity of the forklift is 10 gallons. Calculate pressure rise, energy released by expanding LPG,
and equivalent TNT charge weight. Assume that the mass of the vapor released is 48 |b.

Solution

Purpose:
(1) Estimate pressure rise, energy released, and TNT equivalent.

Assumptions:
(1) The atmospheric pressure is 14.7 psi.
(2) Ambient air temperature is 77 °F.

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 15_Explosion_Calculations.xls

FDT?® Input Parameters:
-Select Fuel Type = Propane
-Percent yield = 100%
-Mass of flammable vapor release = 48 Ib

Results*

Pressure Rise 528.6 kPa (76.7 psi)

Energy Released 1,011,491 kJ (957,983 Btu)

Equivalent TNT 225 kg (496 Ib)
*see spreadsheet on next page
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Spreadsheet Calculations
FDT?®: 15_Explosion_Calculations.xls

CHAPTER 15. ESTIMATING PRESSURE INCRE ASE AND EXPLOSIVE ENERGY

FELEASE ASSOCIATED WATH EXPLOSIONS
wersion 1805.0

The ©llawing calculations edtima e the pressure and energy due to an explosion in 3 conined spaca.

Pararneters in Y ELLOWY CELLS are Ertered boy the User.

Parameters in GREEM CELLS are Automatically Sdected frorm the DROF DOWWH M ENUforthe Fud Selected.
Al sub=sequent ootpot walues ae caloulated bythe spreadshea and ba=sed on vadues specified n the inpu
parameters. This spreadshest is protected and secure to Fwoid emors dusto 3 wrong antryin 3 cells=).

The chapterinthe MUREG shoud be read before an aralysis is made.

INPUT PARAMETERS

EZPLOSIVE FUEL INFORMATION
Adiabaic Flame Temperaure ofthe Fuel (T

Hea of Combustion ofthe Fuel (AH)

‘fiald (=), i 2., the fadion of avalable combustion
1 percent for unconfined mass release and 100
percent fr conined wapor release enengy
participating n b=t wave generation

hz== of Flammable Wapor Release (mo)
Ambient A Temperatare (T

Initial Amosphenc Pressure (P2

r - TRER
155411 K
53R i
100,00 [ [
42 00 o 1Ezky
7.t sp0c
26800 b
|3¢| 10135k Fa

THERMAL FROFERTIES FOR FUELS
FLOMMAEBILTY DOTA FOR FUELS

Sdect Fud Type
Fropans I

Soroll to desired fuel typethen

Click onselection

=5 TR T
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Fuel Fdiabatic Flame Temperature Heat of Combustion
T (F) AH (e bibig )
et dene L] 42 220
Carbon honoside L] 10,100
BEthane i <7 4490
Ethiyane H52 47,170
Hydrogen G5 130500
fulthare 2143 a0 030
h-Butane 242 44 720
- Heptane it 4 GE0
h-Pentane il <4 880
n-Octane 2478 4 440
Propare ] <6 360
Propyens 50 <45 790
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METHOD OF ZALOSH

Referey e SFPE Hradboos of Fie PioBoton

ing, 2 Solton, 1005 Page 3-312.

FPressure Rizefrom an Confined Explosion

(Plna-)"P-a= I:Ta-l."Taj

Mhere Fimax = maximum pressure developed at completion of combustion (kF a)
Fa = initial atmospheric pressure (kP 3
Tas = adiab atic flame tempearature (K)
Ta= ambient temper ature (k)

P = (Tt Ta) Paa

[Fma: = 525.57 kFa TE.EE psi Im

Blast Wawe Energy Calculation
E =@ AHc me
Mihere E= blast wawve energy (k) [E i the Trinitrotoluene (TH T) equivalent energy]

® =yield (% i the fraction of available combustion energy participating in blast wave generation)
AHc = heat of combustion (kddog)
mf = mas of flammable wapor releas e (ki g)

(e = 1011450.51 k) 557553.04 Btu ||

THT Mass Equivdent Calcalation
= EMS00
Mihere Wit =weeight of THT (kg0

E= explosive energy release (ki

(b = 22072 kg 495,55 |b ||

The above caleulations are bas ed on prinziples developed in the SFPE H andbook of Fire Protection
Engineering, 2™ Edition, 1995
Calzulations are based on certain assumptions and hawve inherent limitations. The resulEe of such

caleulations may or may not have reasonable predictive capabiliies for a given situation, and = hould
onhy be interpreted by an informed user.

Although each caleulation inthe spreadsheet has been verified with the rezults of hand calculation,
there = no absolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or to report an erron=) in the = preadsheet,
please send an email to neil@nrc.gor or mes20@ nre. gow,
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Example Problem 15.18-2

Problem Statement

An investigator is performing a review of an accident at a facility. The report states that a pipe fitter
accidently left his acetylene “B” tank on which leaked its contents and caused the explosion.
Assuming the tank was full (40 ft° of gas at atmospheric pressure), how large could the explosion
have been?

Solution

Purpose:
(1) Estimate energy released, and TNT equivalent.

Assumptions:
(1) The atmospheric pressure is 14.7 psi.
(2) Ambient air temperature is 77 °F.

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 15_Explosion_Calculations.xls

FDT?® Input Parameters:
-Select Fuel Type = Acetylene
-Percent yield = 100%
-Mass of vapor release = volume x density (from manufacture’s Web site)
40 ft* x .0677 Ib/ft> = 2.7 Ib

Results*

Energy Released 59,179 kJ (56,049 Btu)

Equivalent TNT 13.2 kg (29.0 Ib)
*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 15_Explosion_Calculations.xls

CHAPTER 15 ESTIMATING PRESSURE INCRE ASE AND E XPLOSIVE ENERGY
RELEASE ASSOCIATED WATH EXPLOSIONS

“ersion 1805.0

The ©llawing calculations estima e the pressure and energy due to an explosion in g conined space.

Fararneters in Y ELLOWY CELL S are Ertered boy the User,

Fararneters in GREEM CELLS are futornatically Sdected frorm the DROF DO M ENUforthe Fud Selactad.
Al sub=equent ootpat walues are caloulated bythe spreadshea and based on vAues specified n the inpu
parameters. This spreadsheet is protected and secure to gwoid emors dusto @ wrong entryin g czlls=).

The chapterinthe MURES shodd be read before an aralysis is made.

INPUT PARAMETERS
EZPLOSIVE FUEL INFORMATION

Adiabaic Flame Temperaure ofthe Fuel (T F WAz
2022 K

Hea of Combustion ofthe Fuel (4H) 4aza) Ftg

‘fiald (=d), i 2., the faction of avalable combustion 10000 [ [

1 percent for unconfined mass release and 100
percent fr conined wapor release energy
participating in b=t wave generation

hass ofFlammable apor Release (m) 2.0 123ky

Ambient A Temperature (T TT0F 250000
ZHE 00 K

Initial Amosphernic Pres=une (PG |3¢| 10135k Pa

[eas]

THERMAL PROPERTIES FOR FUELS
FLAMMAEILTY DTS FOR FUELS

Fuel diabatic Flame Temperature Heat of Cormbustion Seled Fud Type
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METHOD OF ZALOSH

Reterey e SFPE Hradboox of Fie Proecton Engineariag, 2 Sdlfon, 1005 Page 3-31 2.

Pres=ure Risefrom an Confined Explosion

(Pma)Pa= (TawTa)

Nihere Fiax = maximum pressure developed at completion of combustion (kP a)
Fa = iniial atmospheric pressure (kP 3)
Tas = adiab atic flame tempearature (k)
Ta= ambient temper ature (k)

P = (Tad Ta) Pa

[[Fma: = S59.50 kPa 143.56 p=i Im

Blast Wawe Energy Calculation
E=aqdHemr
Mihere E = blast vwawve energy (k) [E & the Trinitrotoluene (TN T) equivalent energy]
o =yield (% is the fraction of available combustion energy participating in blast wave generation)

AH:= heat of combustion (kJAg)
mf = mass of flammable wapor releas e (g

lE = 5317008 k) SE045.52 Btu ||

THT Mass Equivaent Calculstion
= E4E00
Mihere Wit =weight of THT (kg0
E = explosive energy release (il

(b = 1315 kg 22,99 Ib ||

The abowe calculations are bas ed on principles developed in the SFPE H andbook of Fire Protection
Engineering, 2™ Edition, 1005,
Calculations are bazed on certain assumptions and hawve inherent limitations. The resulE of such

caleulations may or may not have reasonable predictive capabilities for a given situation, and = hould
only be interpreted by aninformed user.

Although each calculation inthe spreadsheet has been werified with the results of hand caloulation,
there = no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or to report an erron=) in the s preadsheet,
please send an email to nxil@nrc.gow or mexs3@Enre. gow.
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Example Problem 15.18-3

Problem Statement
Which has a larger TNT mass equivalent: 10 Ib (mass vapor) of acetylene or 5 Ib (mass vapor)
of hydrogen?

Solution

Purpose:
(1) Estimate TNT equivalent.

Assumptions:
(1) The atmospheric pressure is 14.7 psi.
(2) Ambient air temperature is 77 °F.

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 15_Explosion_Calculations.xls

FDT® Input Parameters:
-Select Fuel Type = Acetylene
-Percent yield = 100%
-Mass of flammable vapor release = 10 Ib
-Select Fuel Type = Hydrogen
-Percent yield = 100%
-Mass of flammable vapor release = 5 |b

Results*

Acetylene Hydrogen

Equivalent TNT 48.7 kg (107 Ib) 66.0 kg (146 Ib)
*see spreadsheet on next page

Therefore, 5 Ib of hydrogen produces more explosive force than 10 Ib of acetylene.
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Spreadsheet Calculations
(a) FDT®: 15_Explosion_Calculations.xls (Acetylene)

CHAPTER 15. ESTIMATING PRESSURE INCRE ASE AND EXPLOSIVE EMERGY
FELEASE ASSOCIATED WATH EXPLOSIONS
wersion 1805.0

The ©llawing calculations edtima e the pressure and energy due to an explosion in 3 conined spaca.

Fararneters in Y ELLOWY CELLS are Ertered boythe User.

Parameters in GREEM CELLS are Automatically Sdected frorm the DROF DOWWH M ENUforthe Fud Selected.
Al sub=sequent ootpot walues ae caloulated bythe spreadshea and ba=sed on vadues specified n the inpu
parameters. This spreadshest is protected and secure to Fwoid emors dusto 3 wrong antryin 3 cells=).

The chapterinthe MUREG shoud be read before an aralysis is made.

INPUT PARAMETERS
EXPLOSIVE FUEL INFORMATION

Adiabatic Flame Tempearature ofthe Fuel (T2 F w2
281022k

Hea of Combustion afthe Fuel (4H) A9 v

‘fiald (=), i 2., the fadion of avalable combustion 100.00 [ !
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percent fr conined wapor release enengy
participating n b=t wave generation

hz== of Flammable Wapor Release (mo) 10,000 b 35k
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ZEEO0 K

Initial Amosphernic Pressure (P2 |3¢| 10135 kPa

THERMAL FROFERTIES FOR FUELS
FLOMMAEBILTY DOTA FOR FUELS

Fuel Fdiabatic Flame Temperature Heat of Carmbustion Select Fual Type
T (F) AH. (g L tilene I
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Carbon honoside 4329 10,100 Click onselection
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Ethidene 4152 47 170
Hydrogen G5 130500
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n-Octane 2478 4 440
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Propyens 50 <45 790
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METHOD OF ZALOSH

Reterey e SFPE Hradboox of Fie Proecton Engineariag, 2 Sdlfon, 1005 Page 3-31 2.

Pres=ure Risefrom an Confined Explosion

(Pma)Pa= (TawTa)

Nihere Fiax = maximum pressure developed at completion of combustion (kP a)
Fa = iniial atmospheric pressure (kP 3)
Tas = adiab atic flame tempearature (k)
Ta= ambient temper ature (k)

P = (Tad Ta) Pa

[[Fma: = S59.50 kPa 143.56 p=i Im

Blast Wawe Energy Calculation
E=aqdHemr
Mihere E = blast vwawve energy (k) [E & the Trinitrotoluene (TN T) equivalent energy]
o =yield (% is the fraction of available combustion energy participating in blast wave generation)

AH:= heat of combustion (kJAg)
mf = mass of flammable wapor releas e (g

lE = 219151 52 k. 07557.10 Btu ||

THT Mass Equivaent Calculstion
= E4E00
Mihere Wit =weight of THT (kg0
E = explosive energy release (il

(b = 4371 kg 107.32 b ||

The abowe calculations are bas ed on principles developed in the SFPE H andbook of Fire Protection
Engineering, 2™ Edition, 1005,
Calculations are bazed on certain assumptions and hawve inherent limitations. The resulE of such

caleulations may or may not have reasonable predictive capabilities for a given situation, and = hould
only be interpreted by aninformed user.

Although each calculation inthe spreadsheet has been werified with the results of hand caloulation,
there = no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or to report an erron=) in the s preadsheet,
please send an email to nxil@nrc.gow or mexs3@Enre. gow.
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(B) FDT®: 15_Explosion_Calculations.xIs (Hydrogen)

CHAPTER 15. ESTIMATING PRESSURE INCRE ASE AND EXPLOSIVE ENERGY
RELEASE ASSOCIATED WITH EXPLOSIONS

“ersion 1205.0

The llawing calculations estima e the pressure and energy due to an esplosion in 3 conined spacs.

Pararneters in Y ELLOWY CELLS are Ertered bothe User.

Fararneters in GREEM CELLS are futornatically Sdected fror the DROFP DOWH M ENUforthe Fud Selected.
Al sub=equent ostpot values e caloulated bythe spreadshea and based on vadues specified n the inpu
parameters. This spreadshest is protected and secuns to Fweid emors dusto 3 wrong entryin a calls’s).

The chapterinthe MURES shodd be read before an aralysis is made.

INPUT PARAMETERS
EXPLOSIVE FUEL INFORMATION

Adiabatic Flame Temperature ofthe Fuel (7. F 2251670
DEI4ET K

Hea of Combustion afthe Fuel (4H) 130800 kit

‘field (ed), i 2., the faction of avalable combustion 100.00 [ [

1 percent for unconfined mass releass and 100
peroent ©r conined wapor release energy
participating in blst wave generation

hz== of Flammable Wapor Release (m) 5 .00 b 22T ky

Ambient A Temperatare (T TTOF 2500°C
5E00 K

Initial Amosphernc Presaure (P |x,| 10135 kPa

THERMAL FROFERTIES FOR FUELS
FLAMMAEBILTY DOTA FOR FUELS

Fudl Sdiabatic Flame Temperature Heat of Cormbustion Select Fual Type
T (F) AH- (e btag) Hydroggn

JPcatene 47d 45 220 Soroll to desired fuel type then

Carbon honoside B oii] 10,100 Click on=elaction

Ethane r2dd 47 440

Ethiane 52 47 170

Hydrogen Bk 130200

REGERS 2143 A0 020

n-Butane 24447 45 720

- Haptane s b AE0

h-Pentane 366 <4 820

n-Octane i) o el

Propare 338 6 360

Propans 60 il

Lzar Spedified ‘daue Eniter Jalue

Pl e = s = e 3 ———
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METHOD OF ZALOSH

Reterey e SFPE Hradboox of Fie Proecton Engineariag, 2 Sdlfon, 1005 Page 3-31 2.

Pres=ure Risefrom an Confined Explosion

(Pma)Pa= (TawTa)

Nihere Fiax = maximum pressure developed at completion of combustion (kP a)
Fa = iniial atmospheric pressure (kP 3)
Tas = adiab atic flame tempearature (k)
Ta= ambient temper ature (k)

P = (Tad Ta) Pa

[[Fma: = 555.57 kPa 124.54 psi Im

Blast Wawe Energy Calculation
E=aqdHemr
Mihere E = blast vwawve energy (k) [E & the Trinitrotoluene (TN T) equivalent energy]
o =yield (% is the fraction of available combustion energy participating in blast wave generation)

AH:= heat of combustion (kJAg)
mf = mass of flammable wapor releas e (g

lE = 27T T k) 551547.00 Etu ||

THT Mass Equivaent Calculstion
= E4E00
Mihere Wit =weight of THT (kg0
E = explosive energy release (il

(b = E5.06 kg 14564 Ib ||

The abowe calculations are bas ed on principles developed in the SFPE H andbook of Fire Protection
Engineering, 2™ Edition, 1005,
Calculations are bazed on certain assumptions and hawve inherent limitations. The resulE of such

caleulations may or may not have reasonable predictive capabilities for a given situation, and = hould
only be interpreted by aninformed user.

Although each calculation inthe spreadsheet has been werified with the results of hand caloulation,
there = no abzolute guarantee of the accuracy ofthese calculations.

Ay questions, comments, concerns, and suggestions, or to report an erron=) in the s preadsheet,
please send an email to nxil@nrc.gow or mexs3@Enre. gow.
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CHAPTER 16. CALCULATING THE RATE
OF HYDROGEN GAS GENERATION IN BATTERY ROOMS

16.1 Objectives

This chapter has the following objectives:

. Explain how hydrogen gas is generated in a battery room.

. Describe the conditions under which hydrogen gas will ignite.

. Describe possible ignition sources in a battery room.

. Explain methods of controlling the combustion of hydrogen gas.
. Describe how to estimate hydrogen gas generation rates.

16.2 Introduction

Battery rooms in nuclear power plants (NPPs) represent a potential problem area because of the
generation of hydrogen gas. An NPP is typically equipped with large banks of 250-V dc and 125-V
dc battery systems (NUREG/CR-2726). The 250-V dc system consists of two banks of 120 lead-
calcium (lead-acid) storage cells, and the 125-V dc¢ system typically contains four banks of 60 cells.
Each bank is mounted in two rows of battery racks and located in its own battery room.

During operation, as the batteries change chemical energy to electrical energy, the sulfuric acid
content of the electrolyte becomes depleted. Therefore, the batteries must be recharged if they are
to be used continuously. This is done by connecting a dc charging source that enables current to
flow through the battery in the direction opposite of its normal flow, thereby driving the acid back
into the electrolyte. However, the byproducts of this charging process, or electrolysis, can present
a safety issue. As a cell becomes nearly charged, the charging current becomes greater than that
necessary to force the remaining amount of sulfuric acid back into the electrolyte. This results in
ionization of the water in the electrolyte liberates hydrogen gas at the positive plate. The maximum
rate of formation is 0.42 x 10° m® (0.42 liter) of hydrogen and 0.21 x 10 m® (0.21 liter) of oxygen
per ampere-hour overcharge at standard temperature and pressure. The gas mixture is explosive
when the hydrogen concentration in air exceeds 4.1-percent by volume.

Although the release of this gas is undesirable, the process is necessary to develop a full charge
in the cell. Consequently, NPPs must take precautions to prevent explosions from ignition of the
flammable gas mixture of hydrogen and oxygen formed during overcharging of lead-acid cells.
NPPs employ several methods to reduce the risk associated with high hydrogen concentrations.
Regardless of the method used, proper implementation requires an accurate measurement of the
hydrogen concentration. A variety of hydrogen detectors are available foruse in NPPs. A standard
practice is to set hydrogen detection devices to activate at 2.0—-2.5-percent by volume of the lower
explosive limit (LEL).
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16.3 Combustion of Hydrogen Gas

Hydrogen gas has an extremely wide flammability range and the highest burning velocity of any
gas. Itsignition temperature is reasonably high [500 °C (932 °F)], butits ignition energy is very low.
Because hydrogen contains no carbon, it burns with a nonluminous flame, which is often invisible
in daylight. At ordinary temperatures, hydrogen is very light, weighing only about ' /,, as much as air.

Combustion of hydrogen according to the reaction—
2H, + O, -----—---- > 2H,0 + Energy (heat)

results in a release of about 57.8 kcal/g-mole (5.2 x 10* Btu/lb-mole) of hydrogen burned
(NUREG/CR-6042). For a flammable gas mixture, the flammability limits are defined as the limiting
concentrations of fuel, at a given temperature and pressure, in which a flame can propagate
indefinitely. Limits for upward propagation of flames are wider than those for downward
propagation. Limits for horizontal propagation are between those for upward and downward
propagation.

The lower flammability limit (LFL) is the minimum concentration of hydrogen required to propagate
a flame, while the upper flammability limit (UFL) is the maximum concentration. At the LFL, the
hydrogen is in short supply and the oxygen (air) is present in excess. Atthe UFL for hydrogen in
air, the oxygen (air) is in short supply, about 5-percent oxygen by volume. In air at standard
temperature and pressure (25 °C, 1 atm), and 100-percent relative humidity, the LFL for hydrogen
combustion is 4.1-percent hydrogen concentration by volume. Table 16-1 indicates the
approximate hydrogen concentrations required for combustibility in air (NUREG/CR-6042).

Table 16-1. Hydrogen Flammability Limits in Air at Room Temperature

Possible Reaction Lower Flammability Limit Upper Flammability Limit
Volume Percent of Hydrogen Volume Percent of Hydrogen

Upward propagation 4.1 74

Horizontal propagation 6.0 74

Downward propagation 9.0 74

Figure 16-1 shows the flammability limits of hydrogen with the addition of excess carbon dioxide
and nitrogen (diluents). Note that with 75-percent additional nitrogen, the atmosphere is inert. This
corresponds to 5-percent oxygen at the limit of the flammable region, a value very close to that of
the UFL for hydrogen air combustion. Similarly, the atmosphere is inert when the carbon dioxide
concentration is 60-percent or above, corresponding to 8-percent oxygen or less. The larger
specific heat of carbon dioxide reduces the flame temperature and flame velocity; hence, carbon
dioxide suppresses flammability more than nitrogen. By contrast, it requires about 60-percent
steam to inert a hydrogen-air-steam mixture. Figure 16-2 indicates the regions of flammability of
hydrogen-air-steam mixtures (Shapiro and Moffette, 1957).
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Figure 16-1 Flammability Limits of Hydrogen in Air Diluted with Carbon Dioxide
and Nitrogen (Shapiro and Moffette, 1957)
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Figure 16-2 Flammability Limits of Hydrogen in Air-Steam Mixtures
(Shapiro and Moffette, 1957)
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16.4 Ignition of Hydrogen Gas

Accidental ignition of hydrogen could be caused by several sources in a structure if the hydrogen
concentration in airwere to reach sufficientlevels. Ignition of dry hydrogen-air mixtures, particularly
when the mixtures are well within the flammability limits, can occur with a very small input of energy
(Shapiro and Moffette, 1957). Common sources of ignition are sparks from electrical equipment
and the discharge of small static electric charges. In fact, the minimum energy required from a
spark for ignition of a quiescent hydrogen air mixture is on the order of 10* J (10”7 Btu)—a very
weak spark. Figure 16-3 (Drell and Belles, 1958) shows the ignition energy required as a function
of hydrogen concentration. For a flammable mixture, the required ignition energy increases as the
hydrogen concentration approaches the flammability limits. The addition of a diluent, such as
steam, substantially increases the required ignition energy.
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Figure 16-3 Spark Ignition Energies for Dry Hydrogen-Air Mixtures
(Drell and Belles, 1958)
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16.4.1 Battery as an Ignition Source

Given the discussion in the previous section, itis relatively easy to accept the fact that a battery can
act as an ignition source for the hydrogen-air mixture that results from its own charging process.
Since all functional vented batteries generate a stoichiometric mixture of hydrogen and oxygen
gases during overcharging and expel them normally from the cell into the battery container, a
potential always exists that these gases may explode. Normally, the battery case does not contain
any ignition sources, but several abnormal possibilities do exist. One is the internal short-circuiting
of a relatively dry cell in overcharging, resulting in an explosion inside the cell with a subsequent
ejection of flames into the battery case. A second and more likely source of ignition may exist at
an improperly maintained cell terminal, as a result of the high temperatures generated during high-
rate discharge. A third source of ignition may occur at the site of stray leakage currents.

16.4.2 Control of Hydrogen Gas Combustion

An NPP can effectively control a flammable gas-oxidant mixture by reducing the concentration of
oxidant or by adding an inert constituent to the mixture. Both processes can be explained most
easily by referring to a flammability diagram. Figure 16-4 (NFPA 69, 1997 Edition) for example,
shows a typical flammability diagram representing a mixture of combustible gas, an inert gas,
(nitrogen), and an oxidant, (oxygen), at a given temperature and pressure. A mixture of air
(79-percent N, and 21-percent O,, by volume) and combustible gas is represented by line DABE.
A given mixture of combustible gas and air, whether ignitable or not, is specified by some pointon
this line. Point A indicates the UFL of this mixture, while point B represents its LFL. Point C
represents the limiting oxidant concentration to preventignition; any mixture containing less oxygen
cannot be ignited. Any point within the area bounded by curve FBCAG is in the flammable range
and can be ignited. Any mixture of oxygen and combustible gas alone (i.e., without any nitrogen)
is represented by the left-hand side of the triangle. Any mixture of nitrogen and combustible gas
alone (i.e., no oxygen present) is represented by the right-hand side of the triangle.

Combustible Ga=s
100 %

Monflam makle
. Range x

Flammakle Rang e.---""““-u’ {2
B 5~©
h

Mitragen
Doygen (Inert)
100 % 00%
21%

Figure 16-4 Typical Flammability Diagram
(NFPA 69, 1997 Edition, © NFPA. With permission.)
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NPPs rely on several simple (but extremely important) methods to prevent hydrogen combustion
in battery rooms. First, the rooms are well-ventilated to prevent excessive hydrogen buildup.
The battery room ventilation system in NPPs typically limits hydrogen concentration to less than
2 percent of the total volume of the room and maintains a constant temperature of 25 °C (77 °F).
The air flow rate is approximately 10 air changes per hour. As an additional precaution, no open
flame or smoking is allowed in the proximity of the battery room. Also, any work in the room must
be performed with non-sparking tools made of brass, aluminum, or wood (Linden, 1994).

To date, there have been no major accidents involving hydrogen gas in the battery rooms at NPPs
(NUREG/CR-2726). However, in other (non-nuclear) industries, there have been instances of
hydrogen explosions reported in battery charging areas ranging in size from submarine battery
rooms to uninterruptible power supply (UPS) battery rooms where batteries create a real problem
during periods of high recharge.

On March 20, 2001, a hydrogen explosion occurred in the UPS/battery room of a large computer
data centerin Sacramento, California (“Explosion in Rancho Cordova,” 2001). The explosion blew
a 400+ ft* hole in the roof, collapsed numerous walls and ceilings throughout the data center, and
significantly damaged a large portion of the 50,000 ft* building.

16.5 Fire Protection Code Requirements for Battery Rooms

Regarding battery room fire protection for NPPs, Regulatory Guide (RG) 1.189 states that battery
rooms should be separated from each other and other areas of the plant by barriers having a
minimum fire rating of 3 hours, inclusive of all penetrations and openings. RG 1.189 also states
that ignition sources (such as the DC switchgear room and inverters should not be located in
batteries rooms. In addition, RG 1.189 recommends that automatic fire detection should be
provided to alarm and annunciate in the control room and alarm locally. Ventilation systems in the
battery rooms should also be capable of maintaining the hydrogen gas concentration well below
2 percent. Loss of ventilation should be alarmed in the control room and standpipe, and a hose
station and portable fire extinguishers should be readily available outside the room.

Similarto RG 1.189, Section E2.12 of NFPA 805, “Performance-Based Standard for Fire Protection
for Light Water Reactor Electric Generating Plants,” 2001 Edition recommends that battery rooms
should be separated from adjacent areas by fire-rated barriers. It also recommends that battery
rooms should be ventilated to limit the concentration of hydrogen gas to 1-percent by volume in
accordance with NFPA 69, “Standard on Explosion Prevention Systems.” In addition, NFPA 805
requires that direct current switchgear and inverters should not be located in battery rooms. For
detailed information, refer to IEEE-484, “Recommended Practice for Installation Design and
Installation of Vented Lead-Acid Batteries for Stationary Applications.”

In similar fashion, Section 8.7 of NFPA 804, “Standard for Fire Protection for Advanced Light Water
Reactor Electric Generating Plants,” 2001 Edition recommends that battery rooms should be
protected against fires and explosion, and that ventilation should be provided to limit the
concentration of hydrogen to 2-percent by volume. It also recommends that battery rooms should
be separated from other areas of the plant by fire barriers having a 1-hour minimum rating and
direct current switchgear and inverters should not be located in battery rooms.
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Finally, Section 3-4 of NFPA 801, “Standard for Fire Protection for Facilities Handling Radioactive
Materials,” 2003 Edition, provides additional guidance for battery rooms, stating that “the facility
shall be subdivided into separate fire areas as determined by the fire hazards analysis for the
purpose of limiting the spread of fire, protecting personnel, and limiting the consequential damage
to the facility. Fire areas shall be separated from each other by barriers with fire resistance
commensurate with the potential fire severity. ” Specifically, Section A-3-4 of NFPA 801
recommends that battery rooms should be separated by fire barriers having a 3-hour minimum
rating. It also recommends that electrical equipment, such as the switchgear and relay rooms
should be located in separate fire areas.

NFPA 70E, “Standard for Electrical Safety Requirements for Employee Workshops,” 2000 Edition
contains additional requirements for vented-type batteries, which require ventilation to limit
hydrogen gas concentration exceeding 1-percent by volume. Similar requirements exist for valve-
regulated lead-acid (VRLA) storage batteries.

16.6 Method of Calculating the Rate of Hydrogen Generation in Battery Rooms

As previously explained, hydrogen gas is primarily generated in battery rooms as a result of battery
overcharge. The generation of hydrogen is particularly important because of its rapid production
rate and high flammability. A hydrogen-rich environment could accumulate in a battery room if the
ventilation flow through the space is completely stopped or other events allow hydrogen
accumulation. The formation of flammable fuel (hydrogen)/oxidant mixtures within a battery room
can lead to premixed flame propagation in the form of fire and explosion events, which can cause
failure of the structures, ventilation systems, power systems, and monitoring systems. A significant
amount of hydrogen gas is liberated only when the battery approaches full charge. The maximum
hydrogen evolution rate is 7.56 x 10° m® (0.000267 ft®) per minute per charging ampere per cell
at 25 °C (77 °F) and 1-atmosphere (Yuasa, Inc., 2000).

The method to calculate the amount of hydrogen produced from batteries in an enclosure is
excerpted from the appendix to Section 58.00 of the Yuasa Catalog (2000). This method considers
an antimony alloy-type (flat plate, tubular, or Manchex) battery at a point where itis nearing its end
of life, or equalizing charge at 2.33 VPC (volts per cell).

The rate of hydrogen generation from a battery can be approximated using the following equation
(Yuasa, Inc., 2000):

o FC *j‘LH
= 1000 100

K N (16-1)

Where:
H,., = hydrogen gas generation, ft*/min
F. = float current per 100 A, (temperature compensated) in milliamperes
A, = ampere hours (nominal 8 hour)
K = constant - 1 A, = 0.000267 ft*

N = number of cells
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Table 16-2 summarizes the float current (F.) demand of fully charged stationary lead-acid cells.

Table 16-2. Float Current Demand for a Stationary Battery

Charge Voltage Float Current (F;) milliamperes per 100 AH @ 8-hour rate
(VPC)
Antimony Calcium

New Old
2.15 15 60 -
217 19 80 4
2.20 26 105 6
2.23 37 150 8
2.25 45 185 11
2.27 60 230 12
2.33 120 450 24
2.37 195 700 38
2.41 300 1,100 58
Note: The above values apply when the electrolyte temperature is 25 °C (77 °F). The values double for every 8 °C
(15 °F) of temperature rise. If the temperature drops, the current value is halved for every 8 °C (15 °F) decrease.
Antimony ranges indicate current increases attributable to cell aging.

16.7 Method of Calculating Flammable Gas and Vapor Concentration Buildup
in Enclosed Spaces

The minimum and maximum concentration of combustible material in a homogeneous mixture with
a gaseous oxidizer that will propagate a flame is called flammable limits. Upper and lower
flammability limits represent the range of concentrations of fuel in air in which a premixed flame
can propagate.

A deflagration is possible if the concentration of a gas rises above its LFL. A detonation can occur
if the velocity of a propagation of a combustion zone is greater than the speed of sound in the
unreacted medium. For a detonation pressure rises are estimated as 2 to 4 times that of a
deflagration. Deflagrations are characterized by slow subsonic propagation of a flame front, and
slow but uniform rise in the pressure and temperature of the gas by the heat released from the
combustion.
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A detonation produces a shock wave driven and sustained by the chemical energy released from
the chemical reaction. The shock wave and the reaction propagate together in the unburned gas
at a speed which exceeds that of sound in the unburned medium, i.e., of the order of 1,500 to 2,000
m/sec (Fardis et al., 1983). The shock front is characterized by an abrupt increase in pressure,
temperature, and density of the gas, and by the net forward movement of the gas particles. Shock
reflection produces a large pressure on the wall (e.g., 2 to 4 times the incident pressures for a
deflagration), and generates a purely mechanical wave which propagates inward in the already
burnt gas until interacts with another wave produced by the reflection elsewhere.

The volume gas or vapor for deflagration is give by the following expression:

v
Vieg=—— 16-2
dof = Ter (16-2)
Where:
V. = volume of gas vapor for deflagration (ft°)
V = volume of the enclosure (ft%)
LFL = lower flammability of gas or vapor (percent-volume)

16.8 Method of Calculating Flammable Gas and Vapor Concentration Buildup Time
in Enclosed Spaces

NFPA 69, “Standard on Explosion Prevention Systems,” provides a method to calculate the time
to buildup of combustible concentration of a flammable gas in enclosed area.

If a constant source of flammable gas is introduced into an enclosed volume, the buildup of
flammable gas concentration is given by the following equation:

g e 01 (16-3)
Q

Where:
C = gas concentration by volume
G = flammable/combustible gas discharge rate (ft*/min)
Q = volume of air in enclosure (ft/min)
K = mixing efficiency factor (constant)
N = number of theoretical air changes

Equation (16-3) can be rewritten into a more convenient logarithmic form:

CQ
In (1— —L] =-KN (16-4)

G
In perfect conditions, K = 1.0, Table 16-3 lists mixing efficiency factor (K) for certain conditions.
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Table 16-3. Mixing Efficiency for Various Ventilation Arrangements

Method of Supplying Efficiency K Values
Single Exhaust Multiple Exhaust
Opening Opening

No Positive Supply

Infiltration through cracks 0.2 0.3

open doors, or windows 0.2 0.4

Forced Air Supply

Grills and registers 0.3 0.5
Diffusers 0.5 0.7
Perforated ceiling 0.8 0.9

16.9 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations:

(1) Hydrogen gas is primarily generated in battery rooms as a result of battery overcharge.
(2) The generation of hydrogen environment could occur if the ventilation flow through the
vapor space is completely stopped or other events allow hydrogen accumulation.

(3) This method assumes that significant amounts of hydrogen gas are liberated only when the
battery approaches full charge.

(4) The calculations will produce a first order approximation.

(5) The battery hydrogen generation equation is based on one specific vendor’s

recommendations.

16.10 Required Input for Spreadsheet Calculations

The user must obtain the following data before attempting a calculation with the spreadsheet:
(1) charge voltage (vpc)
(2) ampere Hours

(3) number of cells
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16.11

(1)
(2)

16.12

(1)

Cautions

Make sure to input data in the correct units.

Use spreadsheet (16_Battery Room_Flammable_Gas_Conc.xls) on the CD-ROM
for calculations.

Summary

Adequate ventilation is the most common form of fire prevention/protection in battery rooms.
Ventilation must be adequate to prevent hydrogen gas from exceeding a concentration of
2 percent by volume, and to ensure that pockets of trapped hydrogen gas do not develop
(particularly at the ceiling).

The exhaust air outlets from the battery room shall be located separately so that a
hazardous concentration of the exhausted air cannot enter or be drawn into the fresh air
intakes of environmental air handling systems.

Building and fire codes require spill containment systems for battery installations that
contain electrolyte.

NPP should maintain an ambient temperature of 23 to 26 °C (72 to 78 °F) in battery rooms.

To extinguish a fire in a battery room containing lead-acid batteries, use CO,, fire protection
foam, or dry chemical extinguishing media. Do not discharge the extinguisher directly onto
the battery. The resulting thermal shock may cause cracking of the battery case and/or
cover.

In case of fire, the power should be shut off if batteries are on charge. Use a positive-
pressure, self-contained breathing apparatus. Remember that water applied to an
electrolyte generates heat and causes it to splatter. Wear acid-resistant clothing.
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16.14 Problems
Example Problem 16.14-1

Problem Statement

Assume a 60-cell GT-41 (3,730 Ampere-hour) battery near the end of its life, on equalize
at 2.33 VPC at an electrolyte temperature of 92 °F (33 °C). Estimate the rate of hydrogen
generation (in cubic feet per minute).

Solution
Purpose:
(1) Estimate the rate of hydrogen generation.

Assumptions:
(1) Old Antimony-type battery

Spreadsheet (FDT®) Information:

Use the following FDT*:

(a) 16_Battery Room_Flammable_Gas_Conc.xls
(click on Battery_ Room_Hydrogen)

FDT® Input Parameters:
-Ampere Hours = 3730 Ah
-Number of Cells = 60
-Click on OIld Antimony type and Select 2.33 VPC

Results*

Generation Rate | 0.538 ft*/m (0.0152 m*min)
*see spreadsheet on next page
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Spreadsheet Calculations

FDT®: 16_Battery Room_Flammable _Gas_Conc.xls (Battery_ Room_Hydrogen)

CHAPTER 16. CALCULATING THE RATE OF HYDROGEH GAS GEHERATIOHN

IN BATTERY ROOMS
wiersion 1E05.0
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METHOD OF YUSHA, INC.
ReRrerce v, o, Safety Stomge, indalation Operabion anofisitenance Man, Sedion s
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Example Problem 16-2

Problem Statement

Consider an enclosure (10ft wide x 10ft long x 10ft high) 1,000 ft* (28 m®) in turbine generator area
of a nuclear facility in which hydrogen gas is accumulated. Calculate the concentration of hydrogen
gas by volume reaching its LFL of 4 percent.

Solution
Purpose:
(1) Estimate the concentration of hydrogen gas in the compartment at LFL.

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 16_Battery_ Room_Flammable _Gas_Conc.xls
(click on Flammable_Gas_Buildup)

FDT® Input Parameters:
-Compartment Width (w.) = 10 ft
-Compartment Length (1) = 10 ft
-Compartment Height (h,) = 10 ft
-Select Hydrogen

Results*

Volume 40 f°(1.13 m?)
*see spreadsheet on next page

Therefore, the concentration of hydrogen gas in the 1000 ft* compartment is 4% (40/1000).
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Spreadsheet Calculations
FDT®: 16_Battery_ Room_Flammable _Gas_Conc.xls (Flammable_Gas_Buildup)

CHAPTER 16. CALCULATING THE RATE OF HYDROGEN GAS GENERATION
IN BATTERY ROOMS
Version 1805.0

The follaming calculations estimate the flammable concentration of gases and wapors in enclosures.

Faramatersin YELLOW CELLS are Entered by the User,

Faramaersin GREEM CELLS are Adtomdically Selededfromthe DROP DOWHN MEMU for the Gas or Yapor Seleded.
All zubs equent output walues are caleulated by the spreadsheet and based on walues specified in the input

parameters. This spreadsheetis protected and secure to awoid errors due to a3 wrong entry in a cells).

The chapter inthe HURE should be read before an anaheis i made.

INPUT PARAMETERS

Lz r Flamm ability Limit of Flammable & as or Wapor [ LFL) .00 | Percent
C amp artrme rit W id th Qo) 40,00 [
Comp artment Length (1) A0.00 |t
Compartment HeightCh) A0.00 i

I Calculate |

LOWER FLAMMABILITY DATA FOR GASES AND VAPORS

Fases and LFL
“Wapars alume Percent Hidrooen 5
Seroll to desired gas or vapor then Click on sdection

Hydrogen <100

Carbon hdonoxide 12450
hethane 500

Ethane .00

Fropane 2,10

r- Butane 1.80

r- Fentane 1.0

r- Hexane 1.20

r- Heptane 1.05

r- Octane 0.95

r- Monane 0.25

r- D cane 0.75

Ethene 270

Fropane 2.0

Bute ne- 1 1.70
Fuzetylene 250
lethanal 5.0

Ethanol 3.30

r- Fropanal 2.0

Fuzetone 2680

hethoel Etbyl Ketone 180

Criethyl ketone 1.0

Berzene 1.20

User Specified Walue |Enter Walue

FeE [ ke SFPE Han o ow OF FFe Pio Bcton Sngh eanng , 3 B b, 2002, Page 24175,
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ESTIMATING FLAMMABLE COHCEHNTRATION OF GASES USING LIMITS OF FLAMMABIUTY
‘wiolurme of Gas or “JAapor for Dedagration =W LFL
Mhere W= wolume of enclo=sure (it )

LFL = lower fammability of 3 ga= or wapor (percent-wlume

idlurne of Compartrnert

W=wexle xh

here W= compatment wolurme (1
w. = comparment width (1)
|-= compatment length (1)
h.= compatment height ()

= 00000

‘wilurme of Gas or “JAapor for Dedagration ='W LFL

[l e of Gas or Wapar for Deflagration = ot 113m°

The abowe caloulations are based on principles developed inthe 5 FPE Handbook of Fire
Protection Engineerng, 2 Edtion, 2002

Calculions ae based on cer@in assumptions and hawe nherent limitations. The results

of such calculations may or maynot hawe reasonable predictive capabilitie= fr a given

situation, and should only be interpreted byan informed user.

Athough each calcubstion inthe spreadshest has been werified with the esults of hand calculation,
there iz o absolute guarantes ofthe acouracy ofthese cdeulations.

FAryquestions, commerts, concems, and suggestions, or to repart an emons)inthe spreadsheest,
pleasze s=nd an email to i @nnc.gow or me=3 Enne gow.
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Example Problem 16-3

Problem Statement

Assume a leak of 100 ft*/min of a 15-percent hydrogen gas/air mixture in a compartment that is
29 ft wide x 15 ft long x 12 ft high (w_ x I, x h;). How long would it take to reach a hydrogen
concentration of 2 percent throughout the enclosure, assuming infiltration through multiple
compartment cracks?

Solution
Purpose:
(1) Estimate the time until the room reaches 2% hydrogen concentration.

Assumptions:

(1) Infiltration through compartment leaks.

(2) The mass rate of the fuel is neglected in the conversion of mass.

(3) The specific heat is constant with temperature.

(4) The hydrostatic pressure difference over the height oft he compartmentis negligible

compared to the dynamic pressure.

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 16_Battery_ Room_Flammable _Gas_Conc.xls
(click on Flammable_Gas_Buildup_Time)

FDT® Input Parameters:
-Compartment Width (w.) = 29 ft
-Compartment Length (1) = 15 ft
-Compartment Height (h,) = 12 ft
-Enter 100 ft¥min as the Leakage Rate
-Enter 15% as Percent of Combustible Gas/Air Mixture
-Enter 2% as Combustible Gas Concentration (C)
-Click on Infiltration Through Cracks and select 0.3 from the drop-down menu

Results*

Time 20.9 minutes

*see spreadsheet on next page
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Spreadsheet Calculations

FDT®: 16_Battery Room_Flammable_Gas_Conc.xls (Flammable_Gas_Buildup_Time)

CHAPTER 18. CALCULATING THE RATE OF HYDROGEMN GAS GEMERATION

IN BATTERY ROOMS
Version 18050

The following caleul atiors estimate the combustible gas concentration buildup time in enclosed compartme nts.
Fammaers in YELLOW CELLS =re Entered by the Usar.

Farmamaers in GREEM CELLS are Adtomatically Selected from the DROFP DOWHN MENU for the Infiltration 54 ected.

Allzubsequent outputwalues are calculated by the spreadsheet and based on values specified in the input
parameters. This=spreadsheet s protected and secure to awoid errors due to awrong entry in 3 celli=).
The chapter in the NUR E% should be read before an analysis & made.

INPUT PARAMETERS

COMPARTMENT INFORMATION HYDROGEM LEAK INFORMATION

Compartm ent Width (wu:)

Compartment Langth (L)
Compartment Height (b

Leak age Rate

Ferzent of C ombustible & astdir Midure
Combustible &as Concentration (C)

hit<ing Efficiency Factar (k)

2000

T

1500

T

1200

T

10000

Tt in

1500

penEnt

200

penEnt

0.2

[_Calculate

Mixing Efficiency (K Values) for Various Ventilation Arrangements

Fe® B 0E INFPAGD “Sandand o

gNosiog P ven fon SpsEm s T 1007 Saton.

Soroll to deslred arangsm snt then Clickon selscon

* Infiltration Through Cracks K Select Ventilation Arrangement

Zingle Exhaust Opening 0.z | o3 -

hu ftiple Exhaust Openings  |0.3
C Open Door, or Windows K S elect Ventilation Arrangement

Single Exhaust Opening 0.2

hdu iple Exhaust Openings  |0.9 Scroll to desired arangsm snt then Clickon selscion
C Grill and Reqgisters [ S elect Ventilation Arrangement

Single Exhaust Opening 0.3

hiultiple Exhaust Openings 0.5 Soroll to deslred arangsm snt then Clickon selscdon
O Diffusers K S elect Ventilation Arrangement

Single Exhaust Opening 0.5

huttiple Exhaust Openings 0.7 Scroll to desired arangsm ent then Clickon selscdon
“ Perforated Ceiling [ S elect Ventilation Arrangement

Single Exhaust Opening 0.2

hiutiple Exhaust Openings 0.9 Scroll to desired arangsm ent then Clickon selscdon
e K |s elect ventilation Arrangement

Single Exhaust Opening

hultiple Exhaust Dpenings

Enter Walue I Erile 1 value j
Enter Walue

Scroll to desired arangsm ent then Clickon selecdon
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METHOD OF HFPA 69, STAHDARD OH EXPLOSION PREVENTION SYSTEMS

ReRren®: NFRA @, “Stancdnd on Sapbsin Sreuwrtion Sretems 907 Satioe Spmencdal

Estimating Mumber of Theoretical Air Charges
In [ -(CQJG]=- KN
here C = combustible gas concentration
0 = wolume of ar inenclasure (it i
G = combustible gas leakage rate (1 /min)
K = mizing efficiency factor (cons@nt)
M = number of theoretical gir changes

0 = wolume of ar in enclosure
0= 8500 1 fmin

G = combustible gas leakage rate
G= 13 it fmin

M = number oftheorstical air zhanges
In I -(CQrsGY=-KHN

or

N = - [In1 - (COAGET]E K

M= 40

Estimating Combustible Gas Concentration Buildup Time

t= ' leakage Ete) ® N

Mihiere t = buildup time (min)
W'= compartment wilume (4 )
leakage rate (4 /min)
M = number of theoretical gir changes

alurme of Cornpartrnent

Wewoal wh

hene ' = compartment volume ()
w - = compartment Width (1)
| = compartment Length (1)
h. = compartment Height (1)

W= S22000 t

Combustible Gas Concantration Buldup Time
t= v leakage @)™ N

= 2032 minnte Ilm
NOTE

The abowe calculations are based on method presented in the MFPAGY, "Sandard on

Explosion Prewention Systemns, 1997 Bdition.

Calculations are based on cer@in assumptions and hawve inherent limitations. The results of

such caledations mayw or maynot hawe reasonable predictive capabiliies for a given stuation,

and should only be interpreted by an informmed user.

Athough each calcalation in the spreadshest has been werided with the results of hand caloulation,
there is no absalue guarantee ofthe aczuacy of these calcubtions.

Aoy questions, comments, concems, and suggestions, or to repart an emon’s)in the spreadshest,
please s=nd an emal to nad @nrc gow or mees3 Enne.go,
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CHAPTER 17. CALCULATING THE FIRE RESISTANCE
OF STRUCTURAL STEEL MEMBERS

17.1 Objectives

This chapter has the following objectives:

. Describe the testing procedures for fire resistance protection of structural steel members.
. Describe the failure criteria for structural steel members.
. Explain how to calculate the fire resistance (failure time) of protected and unprotected

structural steel members.

17.2 Introduction

The fire resistance of structures is important in protecting life and property against the hazards of
fires. Building codes regulate the fire resistance of structures in a number of ways, including
requirements for fire resistance classifications based on such factors as building size, location, and
occupancy. Inthe United States, fire resistance classifications (fire ratings) of floors, roofs, beams,
partitions, walls, and columns are based on the results of the “Standard Test Method for Fire Tests
of Building Construction and Materials” as defined in ASTM E119. This standard specifies that test
specimens must be “truly representative of the design, material, and workmanship for which
classification is desired.” Testing laboratories throughout North America use gas burners to heat
the furnace in such a manner that the temperature inside the furnace follows the time-temperature
curve illustrated in Figure 17-1. Table 17-1 identifies the points on this curve that determine its
characteristics.

2400 13156
2200 12040
2000 1093 .3
1500 ag22
1600 2714
—
H\—-r (g il 7600 E
] o
5 5
] 1200 H G488 MW
] ]
(=5 (=%
E 1000 H 353378 E
e #
00 H - 4267
G600 3158
00 2044
20 4933
x] 1 1 1 1 1 i1TR
1] 1 2 3 i 3 i1 1 g
Time (Hours)

Figure 17-1 Standard Time-Temperature Curve (ASTM E-119)
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Table 17-1. Standard Time-Temperature Curve Points

Time Temperature °C (°F)
5 min 38 (100)

10 min 704 (1,300)

30 min 843 (1,550)

1 hr 927 (1,700)

2 hr 1,010 (1,850)

3 hr 1,052 (1,925)

4 hr 1,093 (2,000)

8 hr 1,260 (2,300)

The floors, roofs, beams, partitions, walls, and columns being tested must remain structurally intact
and limit heat transmission to the unexposed surfaces. Moreover, for fire barriers such as walls the
average temperature increase on the unexposed surfaces cannot exceed 121 °C (250 °F) and
cotton waste on the unexposed surface cannotbe ignited. Furnace temperature readings are taken
as an average of at least eight thermocouples at intervals not exceeding 1 minute during the test
period.

A hose stream test is also required for walls and partitions with a rating of at least 1-hour. This test
can be conducted immediately after the fire exposure test or, alternatively, it can be conducted on
a duplicate sample after exposure to fire for half of the rating period, but not more than 1 hour. If
openings develop that permit a projection of water beyond the unexposed surface, the test is
considered a failure.

Load-bearing walls or partitions support a portion of the vertical (gravity) loads from a floor or roof.
During fire test, such assemblies are not restrained on vertical edges and are loaded to the
maximum design load for the test duration. Nonbearing walls or partitions are restrained on all four
edges.

If structural steel members supporting floors or roofs are spaced more than 4 feet apart, the
maximum temperature at any location cannot exceed 704 °C (1,300 °F) and average temperature
cannot exceed 593 °C (1,100 °F) for the following scenarios:

(1) A restrained assembly with up to a 1-hour classification for the full period. For ratings
greater than 1 hour, the temperature limitation applies for half the hourly rating, but not less
than 1 hour.

(2) An unrestrained assembly cannot exceed the temperature criteria shown above for the full
classification or rating period.
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If steel structural members are 4 feet or less on center, the average temperature cannot exceed
593 °C (1,100 °F) for the following scenarios:

(1) A restrained assembly with up to a 1-hour classification for the full period. For ratings
greater than 1 hour, the temperature limitation applies for half the hourly rating, but not less
than 1 hour.

(2) An unrestrained assembly cannot exceed the temperature criteria shown above for the full
classification period.

For steel floor or roof units with spans longer than those tested, the average temperature cannot
exceed 593 °C (1,100 °F) during the classification period. Floors and roofs are loaded to the
maximum design conditions for the classification period.

Columns are loaded to the full design stress and exposed on all four sides to the standard time-
temperature curve. The columns must sustain the structural design load for the test period. Where
column protections are not required to carry any of the column load (e.g., the fire-resistive covering
on a steel column), an alternative column test method uses unloaded columns with the following
pass-fail criteria:

(1) The average temperature increase cannot exceed 538 °C (1,000 °F).

(2) The maximum temperature increase of any thermocouple is 649 °C (1,200 °F).

Individual ratings for loaded beams can be established if the beams are tested as part of a floor
assembly; however, the beams must sustain the applied load for the full classification period. The
listing is applicable to beams with a weight-to-heated perimeter (W/D) ratio greater than or equal
to that of the beam tested. This W/D ratio is the factor that allows the interpolation of coating
thicknesses, where W is the weight (Ib/ft of length) and D is the heated perimeter (inches) of the
structural member.

17.3 Fire Resistance of Buildings

Buildings consist of various structural elements that have unique fire resistance ratings and belong
to various combustibility groups. The ability of a building to resist collapse during a fire, is called
the fire resistance rating. It is characterized by the fire resistance of structural elements such as
floor, roof, beams, partitions, fire walls or barriers, bearing walls, and columns. Figure 17-2
illustrates typical methods of protecting structural steel elements from fire. Light protection, using
low-density material applied either to the profile of a section or in a box form is the most popular
from an economic point of view. Massive protection, particularly concrete encasement, is used in
special cases. External protections, referred to as complex protection, include such examples as
box protection H-columns with core filling or very thick counter protection. Liquid filling is a special
protection method, in which fire resistance is achieved by filling hollow steel members with water.
This method is a less common but, an effective way of preventing rapid heating of hollow steel
sections. However, a plumbing system is necessary to ensure that the water can flow by
convection from member to member and to avoid excessive pressure when the water is heated.
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Figure 17-2 Typical Methods of Protecting Various Structural Steel Elements from Fire

It is important to distinguish between the actual and required fire resistance ratings of a building.
The actual rating of a building is determined by the minimum actual fire resistance rating and
combustibility group of one of the building’s structural elements. The required fire resistance rating
of a building is standardized and understood to be the minimum rating that the building has to
satisfy given safety requirements. This rating accounts for fire hazards involved in the production
processes within the building, the purpose for which the building is intended, the area, the number
of stories, and the presence of automatic fire detection and extinguishing systems.
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17.4 Fire Resistance of Structural Members

The term fire resistance is used to denote the ability of a building component to resist the thermal
insult of a standard rest fire. This rating is usually given in units of time( e.g., 1 hour, 3 hours, etc.).
The retention load-bearing capacities by structural members during a fire is very important.
Buildings collapse when load-bearing members lose their load-bearing capacity.

The fire resistance of structural members is characterized by their fire resistance ratings, which are
defined as the time elapsed from the start of the fire until the time the structure loses its load-
bearing or protective capacity. The failure of structural members begins when they are heated to
critical temperatures. The fire resistance ratings of structural members are determined either
experimentally or by calculations. Experimental methods for determining the fire resistance of
structural members have been standardized (e.g., ASTM E119).

17.4.1 Fire Resistance and Temperature Limits of Steel Elements

Steel is a non-combustible material, however, heat effects the material properties and strength of
structural steel. For structural elements, the only criterion to be considered is the point where the
thermal insult from the fire has weakened the member enough to allow structural collapse of the
element.

The fire resistance (or fire endurance) of steel elements varies greatly. The temperature limits for
structural steel members are based on the criteria contained in ASTM E119. The maximum single
pointtemperature in a steel beam, column, or girderis 649 °C (1,300 °F) and the allowable average
temperature in these members is 530 °C (1,000 °F). During the testing, failure is assumed to occur
if either the maximum single point temperature or average temperature is exceeded.

17.4.2 Fire Resistance and Temperature Limits of Reinforced Concrete Elements

The fire resistance or fire endurance of reinforced concrete floors, roofs, and walls is often
governed by the criteria for the temperature increase of the unexposed surface, rather than by
structural considerations. The ASTM E119 criteria for the temperature rise of the unexposed
surface, referred to as heat transmission requirements, limit the increase to an average of 121 °C
(250 °F) or a maximum at any one point of 163 °C (325 °F). The purpose of these criteria is to
guard against ignition of combustibles on the non-fire side that may be in contact with the fire
barrier.

A classical method for estimating the maximum surface temperature reached by reinforced concrete
elements is based on of the permanent color changes observed in concrete containing aggregates
of siliceous or limestone rock after exposure to high temperatures. Such color changes depend
upon the maximum temperature. The surface takes on a pink or red hue when exposed to
temperatures of 300-600 °C (572—-1,112 °F); dark grey, when exposed temperatures of 600-900 °C
(1,112-1,652 °F); brown, when the maximum temperature reached 900-1,200 °C (1,652-2,192 °F);
or yellow if the temperature exceeds 1,200 °C (2,192 °F) (Neville, 1975).
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Table 17-2 summarizes the ASTM E119 temperature endpoint criteria for structural members. The
endpointtemperatures are selected according to conservative estimates of the maximum allowable
reduction in load-bearing capacity of the structural member, based on an average reduction in
strength attributable to elevated temperatures.

Table 17-2. Temperature Endpoint Criteria for Structural Members (ASTM E119)

Structural Member Location Maximum
Temperature
°C (°F)

Walls/Partitions (bearing and non-bearings) Unexposed side 139 (250)

Steel Columns Average 530 (1,000)

Single point 649 (1,200)

Floor/Roof Assemblies and Loaded Beams Unexposed side 139 (250)

Steel beam (average) 593 (1,100)
Steel beam (single point) 704 (1,300)
Pre-stressing steel 426 (800)
Reinforced steel 593 (1,100)
Open-web steel joist 593 (1,100)
Steel Beams/Girders (not loaded) Average 530 (1,000)
Single point 649 (1,200)

17.5 Failure Criteria for Structural Members

Structural members that are exposed to fire will ultimately fail if the fire is of sufficient duration and
intensity. Failure can occur when the member collapses because it can no longer support the
design load, or when the deflection is so severe that the member can no longer function in the
capacity for it was intended. The failure results from major changes in the mechanical properties
of steel, concrete, and other structural materials as they heat up. The ability of a building to remain
stable during afire is equated to the temperature increase in the exposed structural elements. This
is based on the fact that the mechanical properties of the structural elements deteriorate as the
temperature of the structural materials increases to some critical level. The changes in material
properties that are most significant to the performance of structural steel members include the yield
strength, modulus of elasticity, and coefficient of thermal expansion. The critical level is generally
defined as the temperature at which the yield strength of the material is reduced to the design
strength and, therefore, the factor of safety approaches unity.
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17.6 Fire Walls and Fire Barrier Walls

NFPA 221, “Standard for Fire Walls and Fire Barrier Walls,” contains design and construction
requirements for fire walls and fire barriers. The basic difference between the two is that fire walls
must remain stable and uncompromised throughout an uncontrolled fire (with sprinklers lacking or
assumed to be ineffective), while a fire barrier is intended to help prevent the passage of fire in
conjunction with other protective measures (such as sprinkler protection).

Fire walls and fire barriers are rated for the number of hours of fire exposure that they can

withstand. Table 17-3 summarizes some rules of thumb to estimate the fire resistance ratings for
walls based on some common construction materials.

Table 17-3. Typical Fire Resistance of Walls

Material Thickness (inches) and Construction Details Fire Resistance (Hours)
Brick 12, all materials 10
8, sand and lime 7
8, clay and shale 5
8, concrete 6
4, clay and shale 1%
4, concrete, sand, and lime 1%
Hollow partition tile 12, two 6-in. tiles 4
12, unknown number of cells 3
8, all tile arrangements 2
Concrete block 16 nominal, 15%s actual 4
12 nominal. 11%s actual 3
8 nominal, 7%s actual 1%

A fire wall is defined as a wall that separates buildings or subdivides buildings and is intended to
prevent the spread of fire, by providing fire resistance and structural stability. A fire barrier is a wall
that extends to the roof or floor deck above and is intended to restrict the spread of fire by providing
fire resistance.
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In addition to proper structural design, other design considerations are required to maintain the
integrity of the subdividing fire wall or fire barriers, as follows:

. routing of pipes, conduits, and cables to floor level to help prevent the fire wall from being
damaged by collapse on either side

. fire-resistant penetration seals at pipes, conduits, cable trays, and HVAC penetrations

. fire doors for personnel or vehicle openings

. fire resistant exterior wing walls at the ends of the fire walls to prevent fire from spreading

around its ends

. provision of a parapet, which consists of the fire wall penetrating the roof deck and
extending above it

Some fire walls are designed to remain stable after the collapse of a building structure on either
side in the event of an uncontrolled fire.

Fire walls must be designed for a minimum uniform lateral load of 5 pounds per square foot (psf)
from either direction (applied perpendicular to the face of the wall). Where seismic loading governs,
the design load may be considerably higher.

17.7 Fire Resistance Coatings for Structural Steel

Unprotected structural steel loses its strength at high temperatures and, therefore, must be
protected from exposure to the heat generated by building fires. This protection, often referred to
by the misnomer “fireproofing,” insulates the steel from heat. As previously noted, the most
common methods of insulating steel are encasement of the member, application of a surface
treatment, or installation of a suspended ceiling as part of a floor-ceiling assembly capable of
providing fire resistance. Additional methods include sheet steel membrane shields around
members and box columns filled with liquid.

Encasement of structural steel members has been a common and satisfactory method of insulating
steel to increase its fire resistance. In floor systems composed of reinforced concrete slabs
supported by structural steel beams, the encasement can be placed within the floor. Figure 17-3
illustrates this old encasement technique. The major disadvantages of this procedure are the
increased weight and cost, which are attributable to increased framework, concrete, and structural
support. To reduce the weight and cost of encasement, surface treatment utilizing lath and plaster
or gypsum board, or any of a variety of spray-on coatings have been developed, as shown
in Figure 17-4. Sprayed-on mineral fiber coatings are widely used to protect structural steel.
If applied correctly, such coatings provide excellent protection; however, the coating can easily be
knocked off the member during construction or plant modification. Consequently, sprayed-on
mineral coatings are suspect with regard to their effectiveness over long-term use.
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Figure 17-3 Encasement of a Steel Beam by Monolithic Casting
of Concrete Around the Beam

Beam

Spray-on Fire Proofing

Reinfarcing Steel Concrete Foar

Steel Floor
LInits

Protective Covering

Furred Steel Beams with Mon-combustible Protection

Figure 17-4 Spray-On Mineral Fiber and Noncombustible Protective Coatings
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Cementitious materials also have been used as sprayed-on coatings, despite the fact that they can
spall during a fire and have experienced adhesion problems in actual use. Thus, effective
application, complete coverage, and long-term maintenance are attributes that must be evaluated
in considering the use of sprayed-on coatings.

The latest advancements have been made with intumescent paints and coatings. These coatings
swell to many times their installed thickness when heated to form an insulation barrier which
increases the fire endurance of the structural steel. They are primarily used for non-exposed steel
subject to elevated temperatures, because prolonged exposure to flame can destroy the char coating.

17.8 Calculating Fire Resistance or Endurance

The traditional approach to structural fire protection is to specify the fire resistance or fire endurance
ratings for construction classifications identified in the building codes. The individual fire resistance
or endurance ratings are established by subjecting various structural members and assemblies to
the standard fire test (ASTM E119 or NFPA 251, “Standard Methods of Tests of Fire Endurance
of Building Construction and Materials”).’

During the past three decades, a substantial amount of research has conducted to develop and
validate computer models of the mechanical and thermal properties of structural members, as well
as compartment fire behavior, heat transfer, and structural performance at elevated temperatures.
These studies have resulted in more realistic predictions of structural behavior in fires than was
possible with the traditional code and standard fire test procedures of the past.

As aresult, several empirically derived correlations are available to calculate the fire resistance of
steel columns, beams, and trusses. The correlations are based on curve-fitting techniques using
data gathered by performing the standard test numerous times on variations of a standard
assembly. In some cases, a best-fit line has been drawn for the data point; in other cases, lines
have been drawn conservatively to estimate the fire resistance by connecting the two lowest points.
Numerical methods are also available to estimate the temperature increase in steel structural
elements. The equations in these methods are derived from simplified heat transfer approaches.

Compared to the traditional test approaches, modern calculation methods offer the advantages of
economy and better predictability. These calculation methods calculate either (1) the fire resistance
or endurance that would have been obtained in the standard fire test or (2) structural or thermal
performance in an actual building fire compartment.

17.8.1 Equivalent Fire Resistance of Structural Steel

Fire testing of the structural steel has been ongoing for many years and has yielded substantial
data and experience. The procedures described in the following subsections reflect the methods
for calculating equivalent fire resistance. It should be noted that many of these calculation methods
are obtained from test data. Consequently, one should be cautious when applying these methods
to materials that have not been used in the tests that form the basis for the calculation methods.
For example, the data for structural steel are based on testing of A7 and A36 structural steel, which
have different mechanical properties at both normal and elevated temperatures than the high-
strength steels that have become popular in recent years. Consequently, when we use the term
structural steel for fire resistance calculations in this section, we mean A7 and A36 steels.

! ASTM E119 and NFPA 251 utilize virtually identical testing methods.
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17.8.2 Steel Column (Unprotected)

In general, unprotected steel columns of small cross-sectional area have a fire resistance of not
more than 10-20 minutes (ASCE, 1992). However, heavier columns are capable of much better
fire performance. Figure 17-2 illustrates typical sections of unprotected structural steel columns.
Based on theoretical and experimental studies, the following formulae have been developed for
calculating the fire resistance of unprotected steel columns (Milke, 1995):

wy oW
R:lD.B[—] forE<1[} (17-1)

I
and
W W
E = 8.3[—] for—>= 10 17-2
5 or = ( )
Where:

R = fire resistance time (minutes)
W = weight of steel column per linear foot (Ib/ft)
D = heated perimeter (in) as shown in Figure 17-5

T @

O = 1a+E&h O=da—-2n
FE
—_1
= Z({atb) L= 314b

Ol

D= 2(a+b) L= 244

Figure 17-5 Sections of Unprotected Steel Columns
The fire resistance or endurance of structural steel columns can be improved by insulating the

members. The next few subsections discuss the fire resistance of steel members protected by
various insulation materials.
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17.8.3 Steel Column (Protected with Gypsum Wallboard)

A common protective method is to box in steel columns using gypsum wallboard. Based on the
accumulated fire-test results, the following empirical equation has been developed to determine
resistance or endurance of steel columns protected by gypsum wallboard (Milke, 1995):

r=uo XY arg
- 2D
Where:
R = fire resistance time (minutes)
h = thickness of protection (in)
W’ = weight of steel column and gypsum wallboard protection per foot of length (Ib/ft)
D = heated perimeter (in) as shown in Figure 17-6

The following formula can be used to derive the total weight of both the column and its gypsum
wallboard protection (W’):

=

W' = W+

(17-4)

Where:
W’ = weight of steel column and gypsum wallboard protection per foot of length (Ib/ft)
W = weight of steel column per linear foot (Ib/ft)
h = thickness of protection (in).
D = heated perimeter (in) as shown in Figure 17-6

- -, =
copar L 5 I.-"O""-I .
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Figure 17-6 Heat Perimeters for Common Column and Beam Shapes
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To improve the structural integrity during exposure to fire, gypsum wallboard can be reinforced with
inorganic fiber. Such reinforced gypsum wall board is usually classified by the accredited testing
laboratories, such as Underwriters Laboratories (UL) in North America.

17.8.4 Steel Column (with Low-Density Protection)

Based on experimental and theoretical studies, the following expression has been derived for the
fire resistance of steel sections protected by light (low-density) insulating materials (Milke, 1995):

R | 1 E+(j h (17-5)
lD 2

Where:

R = fire resistance (minutes)

C,, C, = material constants that are known for a specific protecting material
W = weight of steel column per linear foot (Ib/ft)

D = heated perimeter (in) as shown in Figure 17-6

h = thickness of protection (in)

As noted above, the material constants C,and C, are specific to a given protection material. For
cases in which the values of C,and C, are not known, conservative assessment of the fire
resistance of protected steel columns can be conservatively assessed using the following equations
(ASCE, 1992):

For protection material with a density (p) of 20 < p < 50 Ib/ft’

WA
R=[1200—+ 30/h (17-6)
De

Equation 17-6 applies to protections consisting of chemically stable materials, such as vermiculite,
perlite, and sprayed material fiber with various binders, and dense mineral wool.

W
E=(1200—+ 72|h (17-7)
De

Equation 17-7 applies to protections consisting of cement pastes or gypsum, such as cementitious
mixtures and plasters.

Where:
R = fire resistance (minutes)
W = weight of steel section per linear foot (Ib/ft)
D = heated perimeter (in) shown in Figure 17-6
p = density of protected material (Ib/ft®)
h = thickness of protection (in)
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For protection material with a density (p) of 10 < p < 20 Ib/ft’

R = [45% + 30]11 (17-8)

Equation 17-8 applies to small round and square columns (less than 6 in.) and thick protection
(h > 1.5in.).

W
R=[6D—+ 3[]]11 (17-9)
D
Equation 17-9 applies to any shape, sizes, and thickness of protection.

Where:
R = fire resistance (minutes)
W = weight of steel section per linear foot (Ib/ft)
D = heated perimeter (in) as shown in Figure 17-6
p = density of protected material (Ib/ft®)
h = thickness of protection (in)

17.8.5 Steel Column (Protected with Spray-On Materials)

The American Iron and Steel Institute (AISI, 1980) has developed the following formula for two
types of spray-on low-density fire protection known as cementitious and mineral fiber insulation:

Cementitious insulation
Mineral fiber insulation

Where:
R = fire resistance (minutes)
W = weight of steel column per linear foot (Ib/ft)
D = heated perimeter (in) as shown in Figure 17-6
h = thickness of protection (in)
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17.8.6 Steel Column (Protected by Concrete)

Concrete encasement is another means of protecting for steel columns. The following empirical
formulae have been developed to predict the fire resistance of concrete encased steel columns:

Normal weight concrete protection of uniform thickness on all sides and square shape

W 07 - H 08
R.—-ll[igJ + 1507 |1+ 54 ;iiﬁij;?;j (17-12)

Lightweight concrete protection

W nr H 0s
E=1—]| +2%"|1+9|——— 17-13
[D] [pchmh:l] ar1s)
Where:

R = fire resistance time at equilibrium moisture condition, here assumed to be 4-percent of
the concrete by volume (minutes)

W = weight of steel column per linear foot (Ib/ft)

D = developed heated perimeter of steel columns (in) shown in Figure 17-7

h = thickness of concrete protection (in)

H = thermal capacity of steel section at ambient temperature (0.11W Btu/ft-°F)

p. = density of concrete at ambient temperature (Ib/ft’)

L = interior dimension of one side of square concrete box protection (in) (see note if the box

protection is not square).

(1 2] (3]
: .F jju
-
L| L'||._
[ =4L M =244

(11 Square shap e protection with a uniform thick ness of concrete cover on allsides
[ Rectangular shape with warying thickness of concrete cowver
[F Encasement having all re-entrantsp aces filled with concrete

Figure 17-7 Concrete-Protected Structural Steel Columns
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(1) If the concrete box protection is not square, or if the concrete cover thickness is not
constant, h and L are taken as average values [i.,e., h =% (h, + h,)and L =% (L, + L,).]

(2) If the steel column is completely encased in concrete, with all re-entrant spaces filled,
the thermal capacity of the concrete within the re-entrant space may be added to the
thermal capacity of the steel column, thereby increasing the value of H as follows:

H=D.11W+% (L,L, -4, (17-14)

Where:
H = thermal capacity of steel section at ambient temperature (0.11W Btu/ft-°F)
W = weight of steel column per linear foot (Ib/ft)
p. = density of concrete at ambient temperature (Ib/ft’)
L, = steel column flange width (in)
L, = depth of steel column (in)
A, = cross-sectional areas of steel column (in?)

17.8.7 Steel Beams

When a beam is fire tested alone or as a part of a floor or roof assembly, it expands as itis heated.
Floor test furnaces encase the specimen in a rigid restraining frame. If the beam is built tightly into
the frame, the frame resists its expansion and moments are generated in the beam. The critical
temperature of beams is much better understood and has limits of 593 °C (1,100 °F) when the
beam is tested as part of an assembly, and 538 °C (1,000 °F) when the beam is tested alone.

W/D concepts can also be applied to assess protection requirements for steel beams in both
restrained and unrestrained assemblies. To determine the fire resistance of steel beams protected
by low-density protection, we can use the same formulae as for steel columns (Equations 17-5
through 17-11), as shown in Figure 17-6.

In the case of beams, only three sides of the beam are exposed to fire Figure 17-6b. The top of the
beam is assumed to be a floor or roof slab, made of a perfectly insulating material. Thus, there is
no heat exchange between the floor or roof slab and the steel. Because only three sides of the
beam are exposed to heat, the values of the heated perimeter (D) of beams in these formulas are
smaller than those of the corresponding column. As a result, the fire resistance of a beam, (i.e.,
the time to reach a specific failure temperature in the steel) is longer than that for a column. In
addition, because the floor or roof on the top of the beam normally absorbs heat transmitted
through the beam, which is not taken into account in the formulae the fire resistance calculated
using these formulae, are more conservative for beams than for columns.
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17.8.7.1 Beam Substitution Correlation for Structural Steel Beams
Protected by Spray-On Materials

For beams protected by spray-on protections, the International Committee for the Study and
Development of Tubular Structures (ICSDTS) (1976) has developed a scaling formula that enables
substitution of one beam for another by varying the thickness of the protection.

Provided the deck is the same and D is calculated only for three-sided exposure, the following
beam substitution equation has achieved code acceptance (Milke, 1995, and UL, 1995):

Wy
— + 06
D 17-1
hl = -,iﬁ}-l— h2 ( 7- 5)
—+ 0
Dy
Where:
h = thickness of spray-applied protection (in)
W = weight of the structural beam per linear foot (Ib/ft); see note
D = heated perimeter of the beam (in) as shown in Figure 17-6; see note

Note: h,, W,, and D, refer to the substitute (unrated) beam and required thickness of fire
protection material.
h,, W,, and D, refer to the beam and fire protection thickness in the approved assembly
(rated beam).

Use of above the equation is subject to the following limitations:

. The unrestrained beam in the tested design has a rating of not less than 1-hour.

. The equation is limited to beams with a weight-to-heated-perimeter ratio (W/D) of 0.37 or
greater.

. The thickness of the spray-on protection (h,) cannot be less than 0.95 cm (33 inch).

The above equation pertains only to the determination of the protection thickness for a beam in a
floor or roof assembly.
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17.8.7.2 Column Substitution Correlation for Structural Steel Columns
Protected by Spray-On Materials

A scaling substitution correlation has also been developed to calculate the required thickness of
spray-on protection for columns (UL, 1995) as follows:

Wl D2
h, =1.25h,| — || =— (17-16)
: 1[:|:Il][1"-r;"r2]
Where:

h, = thickness of spray-on protection on the approved assembly (rated column), (in)

h, = required thickness of spray-on protection on substitute column (in) (smaller wide flange
section)

W, = weight of the structural column per linear foot for the approved assembly (rated
column (Ib/ft)

W, = weight of the structural column per linear foot for the smaller wide flange section (Ib/ft)
D, = heated perimeter of the column (in), for the approved assembly (rated column) as
shown in Figure 17-6

D, = heated perimeter of the column (in) for the smaller wide flange section as shown in
Figure 17-6

Use of the above column substitution correlation is subject to following limitations:
. The unrestrained beam in the tested design has a rating of not less than 1-hour.

. The equation is limited to beams with a weight-to-heated-perimeter ratio (W/D) of 0.95 cm
(¥s inch) or greater.

. The thickness of the spray-on protection (h,) cannot be less than 0.95 cm (33 inch).
17.8.8 Numerical Method to Estimate the Temperature Increase in Structural Steel Elements

For structural steel elements, there is a critical temperature at which the steel loses so much
strength that it can no longer support its design load. In such cases, calculations of the fire
resistance of the steel members can be reduced to calculating the temperature of the steel. North
American standards assume that the critical temperature condition is reached when the average
temperature in a steel section reaches 538 °C (1,000 °F).

The simple numerical method is based on the principle that the heat entering the steel over the
exposed surface area in a small time step, At (sec), is equal to the heat required to raise the
temperature of the steel by AT, (°C or °F), assuming that the steel section is a lumped mass at
uniform temperature. This numerical method can be further simplified by considering the steel to
be a heat sink, with negligible resistance to heat flow; thus, any heat supplied to the steel section
is considered to be instantly distributed to give a uniform steel temperature.
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17.8.8.1 Unprotected Structural Steel Sections

The following equation calculates the temperature development of an unprotected steel member,
using a quasi-stationary approach, iterated for successive time steps of At (sec):

F 1 P (17-17)
AT, = ?E[hc T - T, hod T - T* |4t
Where: AT, = temperature in the steel member (°F)

F/V = ratio of weight of steel section per linear foot and heated perimeter (m™)
p, = density of steel (kg/m?®)

¢, = specific heat of steel (J/kg-K)

h, = convective heat transfer coefficient (W/m?*-/K)

c = Stefan Boltzmann constant (kW/m?-K*)

¢ = flame emissivity

¢, = specific heat of steel (Btu/lb-°F)

T, = fire temperature (°F)

T, = steel temperature (°F)

At = time step (sec)

Emissivities for various types of construction are given in Table 17-4 (Buchanan 2001).

Table 17-4. Resultant Emissivity for Different Types of Construction

Type of Construction Resultant Emissivity
Column exposed to fire on all sides 0.7
Column outside facade 0.3
Floor girder with floor slab of concrete (only the underside of the bottom 0.5

flange being directly exposed to fire)

Floor girder with floor slab on the top flange girder of I section for which 0.5
the width-depth ratio is not less than 0.5

Girder of I section for which the width-depth ratio is less than 0.5 0.7

Box girder and lattice girder 0.7
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The fire temperature (T,) is evaluated at the midpoint of each time step. If the exposure under
consideration is that associated with the ASTM E119 test, T, at any time (t) is obtained from the
following expression:

T = C,LOGO135t +1'+ T (17-18)
Where:

C, = 620 with a fire temperature T,
T, = ambient temperature (°F) (Milke, 1995)

The maximum time step (At) can be determined from the following relationship (Molhotra, 1982):

At = 15.9% (English units) (17-19)

Table 17-5 shows a spreadsheet for calculating steel temperature using this method (Buchanan, 2001).
Kay et al., (1996) have shown that this type of calculation can give a good prediction of steel
temperatures in standard fire resistance tests.

Table 17-5. Spreadsheet Calculation for the Temperature of Steel Sections
(Buchanan, 2001)

Time Steel Fire Temperature Difference in Change in Steel
Temperature (Ty) Temperature Temperature
(Ts) (ATy)

t; = At Initial steel Fire temperature Ti- Ty Calculate from Equation
temperature (T,,) | halfway through (17-17) with values of T;

time step (at At/2) and T, from this row

t, = t, + At T, from previous Fire temperature T:-Tg Calculate from Equation
time step + AT, halfway through (17-17) with values of T;
from previous time step and T, from this row
row (at t, +AY/2)
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17.8.8.2 Protected Structural Steel Sections

Protected steel members heat up more slowly than unprotected members because of the applied
thermal insulation, which protects the steel from rapid absorption of heat. The calculation method
for protected steel members is similar to that for unprotected steel members. However, the
equation is slightly different and does notrequire a heat transfer coefficient because it is assumed
that the external surface of the insulation is at the same temperature as the fire gases, while the
internal surface of the insulation is at the same temperature as the steel.

The thermal capacity of the insulation material may be neglected if the following inequality is true:
A (17-20)
T » 2c,oh
Where:

W/D = ratio of weight of steel section per linear foot and heated perimeter (Ib/ft?)
¢, = specific heat of insulation (Btu/lb-°F)

p, = density of insulation (Ib/ft%)

h = thickness of insulation (in)

If the thermal capacity of the insulation layeris neglected, the temperature rise in the structural steel
element can be calculated using the following equation:

\T; =T, ) (17-21)

AT, =k, ] At
I:sh E+Eci,{}ih2
Where:

AT, = temperature increase in steel (°F)

k, = thermal conductivity of insulation material (Btu/ft-hr-°F)

p, = density of insulation (Ib/ft%)

¢, = specific heat of insulation material (Btu/lb-°F)

¢, = specific heat of steel (Btu/lb-°F)

h = thickness of insulation (in)

W/D = ratio of weight of steel section per linear foot and heated perimeter (Ib/ft?)

T, = fire temperature (°F)

T, = steel temperature (°F)

At = time step (sec)
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If the thermal capacity of the insulating material must be accounted for, as in the case of gypsum
and concrete insulating materials, Equation 17-21 can be modified as follows:

ke, T - T 17-22
e DR TE e A
ESE+ECipih

The fire temperature (T,) is evaluated at the midpoint of each time step. If the exposure under
consideration is that associated with the ASTM E119 test, T, at any time (t) is obtained from the
following expression:

T, = C,LOG(0.133t + 1)+ T, (17-23)

Where:
C, = 620 with a fire temperature T,
T, = ambient temperature (°F) (Milke, 1995)

The maximum time step (At) can be determined from the following relationship (Molhotra, 1982):

T
il 15.93 (English units) (17-24)

Table 17-6 summarizes the typical thermal properties of various insulation materials.

Table 17-6. Thermal Properties of Insulation Materials (Buchanan, 2001)

Insulation Material Density Thermal Conductivity Specific Heat c;
P k; (Btu/lb-°F)
(Ib/ft3) (Btu/ft-hr-°F)

Sprays

Sprayed mineral fiber 19 0.06936 0.2868

Perlite or vermiculite plaster 22 0.06936 0.2868

High-density perlite or vermiculite plaster 35 0.06936 0.2868

Boards

Fiber-silicate or fiber-calcium silicate 38 0.0867 0.2868

Gypsum plaster 50 0.1156 0.4063

Compressed fiber board

Mineral wool or fiber silicate 10 0.1156 0.2868

The spreadsheets for calculating steel temperature using this method are based on Table 15-5
(Buchanan, 2001).
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17.9 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations:

(1) The heat transfer analysis is one dimensional.

(2) Correlations are based on the analysis of data resulting from performing the standard test
numerous times, using curve-fitting techniques to establish the various correlations.

(3) As the structural member heats up, its structural properties can change substantially.

(4) Equation-specific limitations apply (see the various equations throughout this chapter).

17.10 Required Input for Spreadsheet Calculations

The user must obtain the following information to using the spreadsheet:
(1) dimensions of the steel member in question
(2) thermal properties of the applied insulation

17.11 Cautions

(1) Use the appropriate spreadsheet:
(17.1_FR_Beams_Columns_Substitution_Correlation.xls,
17.2_FR_Beams_Columns_Quasi_Steady_State_ Spray_lInsulated.xls,
17.3_FR_Beams_Columns_Quasi_Steady_State_Board_Insulated.xls,
or17.4_FR_Beams_Columns_Quasi_Steady_ State_Uninsulated.xls)
on the CD-ROM for calculating the fire resistance of structural steel members.

(2) Make sure you are on the correct page of the spreadsheet (for columns or beams).

(3) Make sure to enter all input parameters using the correct units.

(4) Equation (23) is only valid up to 1,000 °F (538 °C) where the carbon steel structural
members begin to fail. Predicted temperatures above 1,000 °F (538 °C) are neither
accurate nor valid.

17.12 Summary

The fire resistance/endurance of the beams, girders, and columns that comprise the structural
frame of the walls, partitions, floor/ceiling assemblies, and roof/ceiling assemblies that serve as
barriers to flame movement have been a historical basis for classifying buildings and rating frame
and barrier capabilities.

The selection of building materials and the design details of construction have always played an
important role in building fire safety. Two of the important structural fire considerations are the
ability of the structural frame to avoid collapse and the ability of the barrier to prevent ignition and
resulting flame spread into adjacent spaces.

Heattransfer analyses are applied to determine the time period required to heat structural members
to a specified critical temperature. The required time period is then defined as the fire
resistance/endurance time of the member.

The critical temperature of a structural member can be determined by referring to the temperature
endpoint criteria cited in ASTM E119 or by a structural assessment, as discussed in this chapter.
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17.14 Problems
Example Problem 17.14-1

Problem Statement

Calculate the thickness of spray-on fire protection required to provide a 2-hour fire resistance for
aW12 x 16 beam to be substituted fora W8 x 18 beam requiring 1.44 in. of protection for the same
rating.

Solution
Purpose:
(1) Estimate the spray-on thickness required for the beam substitution.

Assumptions:
(1) The 1.44 in. of spray-on provides the W8 x 18 beam 2 hours of fire resistance.

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 17.1_FR_Beams_Columns_Substitution_Correlation.xls
(click on Beam)

FDT?® Input Parameters:
-Known beam insulation thickness
-Select W8 x 18 for Rated Beam
-Select W12 x 16 for Substitute Beam

Results*

Substitute Beam 1.6 in
Spray on Thickness

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 17.1_FR_Beams_Columns_Substitution_Correlation.xls (Beam)

CHAPTER 17. ESTIMATING THICKNESS OF FIRE PROTECTION SPRAY-APPLIED

COATING FOR STRUCTURAL STEEL BEAMS {SUBSTITUTION CORRELATION)
Version 1805.0

For beams protected by spraw applied protections, follewing correlation enables = ubstitution of one

beam from another by wanging the thid ness of the fire protection insulation.

Faramaersin YELLOW CELLS are BEntered by the User.

Faramaersin GREEM CELLS are Adtomatically Sdedted fromthe DR OF DOWYN MEM U forthe Beam Selected.
Allsubsequent output walues are calculated by the spreadsheet, and based on walues specified in the input
parameters. This spreadsheet i= protected and secure to avoid errors due to 3 wrong entry in 3 cel=).

The chapter in the HURE® should be read before an analysis is made.

INPUT PARAMETERS
Fated Design Thickness of Beam Irs ulation  T2) 1.44|in
o0 Eati
Weight of the Beam (uiz) 18|Ib.i'ft
Heated Perimeter of Beam (D3 31,5?|in
o0 Rati
W eight of the Beam (W) 1E.I:II:I|||:'-"ﬁ
Heated Perimeter of Beam (D ) 3-5,5-1|in

SECTIONAL FACTORS FOR STEEL BEAMS

Select the Beam with known Select the Beam with unknown
raing for insulaion thickness rating for insulation thiclness
| wexia - [ w1z x 18 |
Subscript 2 Subscript 1
{Rated Beam) Calculate {Substitute Beam)
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ESTIMATING THICKNESS OF FIRE PROTECTION INSULATION ON UNRATED BEAM

Regregce: UL Fie Fedsmnce Diecivy Wolime 3, 1005 Page /0.

T.= (000 + 06 T /D + 06D
M her e T- = caleul ated thickness= of fire protection insulation on unrated beam ind
T: = design thickness of insulation an rated beam Cin)
W = yeight of beam with unknovn insulation rating ket
i = wzight of design rated beam (b
[ = heated perimeter of unrated beam (i)
[ = heated parimeter of the rated beam din)

Required Equivd ent Thickness of Fire Protedtion Insulstion on Unrated Beam
T.= (0040 + 08 T W0 /01 + 05

IT.= 160 in | e
Bears with = larger Wib raio can abways be substitut ed for the strudtura member listed with = specific fire

T

resistive cowering without changing the thickness of the cowering.

NOTE

The abowe caloulations are based on method developed inthe UL Fire Resistance

Lrirectony, Wolome 4, 1995, Calculations are based on certain assumptions and hawe inhe rent
limitatiors. The results of such calculatiors may or may not b awe reason able

predictive capabilities for 3 given sitoation, and should onby be interpreted by an

informed user.

Although each calculation in the s preadsheet has been verified with the results of hand calculation,
there i no absolute guarantee of the accuracy of these caleul ations.

Ay questions, comments, concerns, and suggestions, orto report an erron’=]) in the spreadsheet,
pleaz e send an email to neif@nre. gow or mes=Enrc. gov.
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Example Problem 17.14-2

Problem Statement

Use the quasi-steady-state heat transfer approach to determine the fire resistance of a W24 x 76
steel beam protected with 0.5 in. of spray-on mineral fiber material. Sprayed-on mineral fiber has
the following thermal properties:

+ Thermal Conductivity, k; = 0.06936 Btu/ft-hr-°F
+ Specific Heat, ¢, = 0.2868 Btu/Ib-°F
+ Density, p, =19.0 Ib/ft®

Solution
Purpose:
(1) Estimate the fire resistance of the beam.

Assumptions:
(1) The heat transfer is quasi-steady-state.

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 17.2_FR_Beams_Columns_Quasi_Steady_State_Spray_Insulated.xls
(click on Beam)

FDT?® Input Parameters:
-Select W24 x 76 beam
-Enter 0.5 in spray-on thickness
-Select “Sprayed Mineral Fiber” from Insulation Type drop-down menu

Results*

Fire Resistance 42.5 min

*see spreadsheet on next page
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Spreadsheet Calculations
FDT®: 17.2_FR_Beams_Columns_Quasi_Steady_State_Spray_Insulated.xls

CHAFTER 17. ESTIMATING FIRE RESISTANCETIME OF STEEL BERMS

FROTECTED BY FIRE FROTECTION INSULATIOM [@UR 5I-5TELDY-STATER PP ROLCH]
Verslon 1505.0

T iolowlrg cakculabons & Imak P dreresh e Ime B 5 hochrd skd beams prokckd by spray-applied 1re prokclon
raing makial .

Farameders In YELLCWGEL LS are Endermd by fis User

Farameders In SREEN CELL & are Aukmatoaly Ssleoded fom fis DROF COWHMEBND R fis Bsam and Inahion Sekoded.
Al ubequenlouipul vake 5 are caladaked by be s preadshes), and baed onudues spechial in e lrpual

parame By . TH spreadsbee |5 prokecied amd secure o asdd ema s due loa wrong eniey Inace ks,

T chop ke Ir b NUREG o be read before o aradyis b5 masde,

|MFLUT PARAMETERS

Fall oot W ghl ofZ ke Zechon per Urea Foolamd Heakd Ferlne Br 234
Thickre 33 o7 Zprag-Applied Prokclonon Sk Bran h=1/1%In 0.5
Derully orSpry-spplel Makid @) .00
Trermeal Corduc i by o Spay- ppled RMakoal 0 o
Zpedic Heal o Sprag-~pplked Makdal icy [
AnbEnLAF Tempy e (T

Spedic Heal o Tied (23 e

I Zalcula ts

SECTIONAL FACTORS ROR STEEL BEEARMS

Selent Baam

FL i '
Soroll to dedrad beam d s Hen Cllok on sskodon

THEREM&L PROPERTIES OF % PRAY-APPLIEC INGULATION MATERIALS

2 leot Inculaton Typs
oA SErayad minaral fizar =

W O e MABNA] idn LAIGE G0 GRlsTan

[l ko] [aiecss o

Zprayed mireral 1ber =

Perllle or vermlol k = DR [

Hghderelly ped ke or skl = [eles ks [ o

Uper Zpechied vdle Bl ke Bl e Enkrdue
LR e —

ESTIMATING FIRERESIS TANCETIME USING QUL SFSTEADV-3TATE APPROLCH

o= pprdic FealoTskel (B LB-F)

VD = rako otweighlor kel pechan par e ool ol Peakd peime By (b
p = denelly ors pray-appled makia qk s

o = gpichic beal ofs -appled makda (BTUBL-F)

b= Bckre sz ot sprag-applied pokeclon ons Belbean dry

153 = o

Tempermiurs FlsIn S Bsam
AT = ik N WIAFD+ Zoph 06T - Tzl
e AT = kemperakre e kel CF
E = Femnal casuc bl of s peg-gppled makial (B LiTkmecF )
p o= derelly ofs oy -appled malkidal A
o = apedichealoripray-appked makial CELb-" P
o o= pedichealor ikd (B
v = ki 33 o sprag=applied prokeclan ong kelbean dry
VD = ralo cTwelhlor kel ol par e ool ard Peaked peime ey (B
T o= W eaponre knpershre O F
T. = skeel kmperakre & F)
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CHAPTER 18. ESTIMATING VISIBILITY THROUGH SMOKE

18.1 Objectives

This chapter has the following objectives:

. Identify the hazard results of reduced visibility.

. Identify the factors that influence visibility.

. Describe the effects of smoke on nuclear power plants (NPPs).
. Explain how to calculate the visibility through smoke.

18.2 Introduction

As described in Chapter 9, smoke from a fire in a compartment rises in a plume to the ceiling.
As the plume rises, air is entrained into it, thereby increasing the volume of smoke and reducing
its temperature. The smoke spreads out beneath the ceiling and forms a layer that deepens as the
compartment begins to fill with smoke. The production of smoke (smoke particulates) reduces
visibility as a result of light absorption and scattering. Visibility through smoke is defined in terms
of the furthest distance at which an object can be perceived (distance at which an object is no
longer visible). Smoke obscures vision and causes irritation and watering of the eyes. Most
notably, the intensity of smoke production has the greatest impact on reduction of visibility in a fire
compartment or zone. Reduced visibility and inhaled smoke particles are the most frequent
reasons of panic, which disorganizes evacuation and prolongs both rescue and firefighting
operations. Moreover, in the consequence of absorption, smoke particles are ideal carriers of toxic
gases and intensify the process of absorbing poisonous compounds into the human body.

The lachrymatory (causing or tending to cause tears) effects of smoke and hot gases, such as
aldehydes or acids associated with smoke particles, have been shown to be importantin interfering
with vision. Visibility is generally much better at floor level than at higher levels in a compartment,
so the possibility of crawling to safety raises the question of the height at which exit signs should
be located. However, if sprinklers operate, their cooling and entrainment effects tend to bring the
smoke closer to the floor. Moreover, fog (which may result from the use of sprinklers) will interfere
with vision. There is currently no universally accepted position.

18.3 Smoke Obscuration

Unlike temperature, heat flux, or toxic gases, obscured visibility is not, itself, lethal. A hazard
results only if the reduced visibility prevents required manual operator action or escape activity.
This hazard is crucial, however, and smoke production has, therefore, been regulated longer than
any other product of combustion. Evaluations have shown that personnel remote from the source
of a fire are particularly at risk from fire effluent in post-flashover fire scenarios (Beitel et al., 1998).
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Toxic gases kill largely because people cannot see to find escape routes and because they become
disoriented and panic as a result of inhaling irritating gases. A little smoke makes people walk
faster, while an increased amount slows the walking speed. Smoke also represents a
psychological barrier to an occupant entering a room, often causing people to seek an alternative
route and possibly causing the occupant to become trapped in a room without a safe exit (door or
window). The same is true for reactor operators who may have to perform specific manual actions
in a smoke-filled environment.

18.4 Effect of Smoke on Nuclear Power Plants

Sensitivity studies have shown that prolonged firefighting response times can lead to a noticeable
increase in fire risk. Smoke, identified as one of the major contributors to prolonged response
times, can also cause misdirected suppression efforts, hamper the ability of main control room
(MCR) operators to safely shut down the plant, initiate automatic suppression systems in areas
away from the fire, and fail electrical equipment.

Any number of possible fire scenarios could be considered threats to safe NPP operations. For
example, a fire in turbine building, cable spreading room (CSR), or the control building can generate
toxic combustion products that directly affect the habitability of the MCR or auxiliary shutdown
areas. One exception would be a fire in the MCR, itself. The MCR is unique in several ways that
significantly reduce the likelihood of a generalized area fire. First, the MCR is continuously manned
and, hence, very rapid fire detection and intervention times are expected. This also implies that the
transient fuel sources should be very effectively controlled and limited. Second, high-energy
electrical equipment is not typically housed in the MCR and, hence, the number of potential high-
energy fire sources is limited. Given these factors, the occurrence of a large, generalized fire in the
MCR is not considered likely.

18.5 Estimating Visibility Through Smoke — Jin Method

As previously discussed, smoke particles and irritants can reduce visibility and, while loss of
visibility is not directly life threatening, it can prevent or delay escape and thus expose people to
the risk of being overtaken by fire. Visibility depends on many factors, including the scattering and
absorption coefficient of the smoke, size and color of smoke particles, density of smoke, and the
eye irritant effect of smoke. Visibility also depends on the illumination in the room, whether an exit
sign is light-emitting or light-reflecting, and whether the sign is back- or front-lighted. Anindividual’s
visual acuity and mental state at the time of a fire emergency are other factors.

Most visibility measurements through smoke have relied on test subjects to determine the distance
at which an object is no longer visible. However, variations in visual observation of up to 25 to
30 percent can occur with the same observer under the same test conditions but at different times.
A correlation between the visibility of test subjects and the optical density of the smoke has been
obtained in extensive studies by Jin (1974, 1975, 1978, and 1985) (also reported by Klote and
Milke, 2002).

18-2



Based on those studies, the relationship between visibility and smoke obscuration is given by the
following expression:

K
Ll Iy

S:

(18-1)

Where:
S = visibility (ft)
K = proportionality constant
a,, = specific extinction coefficient (ft*/Ib)
m, = mass concentration of particulate (Ib/ft?)

The proportionality constant (K) is dependent on the color of the smoke, illumination of the object,

intensity of background illumination, and visual acuity of the observer (Klote and Milke, 2002).
Table 18-1 provides values of the proportionality constant based on the research of Jin.

Table 18-1. Proportionality Constants for Visibility

Situation Proportionality Constant (K)
llluminated signs 8
Reflecting signs 3
Building components in reflected light 3

The specific extinction coefficient (a,,), depends on the size distribution and optical properties of
the smoke particulates. Seader and Einhorn (1976) and Seader (1943) obtained values for the
specific extinction coefficient (a,) from pyrolysis of wood and plastics, as well as from flaming
combustion of these same materials. Table 18-2 provides values of a.,.

Table 18-2. Specific Extinction Coefficient for Visibility

Mode of Combustion Specific Extinction Coefficient — o, (ft%/1b)
Smoldering combustion 21,000
Flaming combustion 37,000

Jin also found that walking speed decreases as smoke density increases; i.e., visibility decreases.
It can be expected that a decrease in the visibility of walls and floors would cause subjects to slow
down. In thick irritating smoke, tears prevented the subjects from seeing the words on signs and
caused them to walk in an irregular manner or along the wall. For low-density smoke, however, the
walking speeds in irritating smoke were about the same as those in non-irritating smoke.
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The mass concentration of particulate (m,), is given by the following expression:

M
m, = 1_P (18-2)

Where:
m, = mass concentration of particulate (Ib/ft?)
M, = mass of particulates produced (lIb)
V = volume of smoke in the space (ft®)

The smoke particulates produced by a fire primarily consist of soot, and the production of
particulates can be estimated as follows:
M, = y,M,  (18-3)
Where:
M, = mass of particulates produced (Ib)
Yy, = particulate yield
M, = mass of fuel burned (Ib)

Table 18-3 lists values of particulate yield (y,) for a number of materials from small-scale
experiments of turbulent flaming combustion.

Table 18-3. Smoke Particulate Yield (Klote and Milke, 2002)

Material Particulate Yield -y,
Wood (Red Oak) 0.015
Wood (Douglas Fir) 0.018
Wood (Hemlock) 0.015
Fiberboard 0.008
Wool (100-percent) 0.008
Acrylonitrile-Butadiene-Styrene (ABS) 0.105
Polymethylmethacrylate (PMMA; Plexiglas™) 0.022
Polypropylene 0.059
Polystyrene 0.164
Silicone 0.065
Polyester 0.09
Nylon 0.075
Silicone Rubber 0.078
Polyurethane Foam (Flexible) 0.188
Polyurethane Foam (Rigid) 0.118
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Table 18-3. Smoke Particulate Yield (Klote and Milke, 2002)

Material Particulate Yield -y,
Polystyrene Foam 0.194

Polyethylene Foam 0.076

Phenolic Foam 0.002

Polyethylene (PE) 0.06
Polyvinylchloride (PVC) 0.172
Ethylenetetrafluoroethylene (ETFE; Tefzel™) 0.042
Perfluoroalkoxy (PFA; Teflon™) 0.002

Fluorinated polyethylene-polypropylene (FEP; Teflon™) 0.003
Tetrafluoroethylene (TFE; Teflon™) 0.003

18.6 Assumptions and Limitations

The method discussed in this chapter is subject to several assumptions and limitations:

(1) This method takes into account the irritating and non-irritating effects of smoke.
(2) The correlations are developed for smoldering and flaming combustion.

18.7 Required Input for Spreadsheet Calculations

The user must obtain the following information before using the spreadsheet:

(1) compartment width (ft)
(2) compartment length (ft)
(3) compartment height (ft)
(4) fuel type (material)

(5) mass of fuel burn (Ib)

18.8 Cautions

(1) Use spreadsheet (18_Visibility_Through_Smoke.xls) on the CD-ROM for estimating visibility
through smoke.

(2) Make sure to enter the input parameters in the correct units.
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18.9 Summary

This chapter describes a method of calculating the visibility through a smoke layer based on
experimental correlations and data. The visibility through thin smoke primarily depends on physical
obscuration; however, when the smoke is relatively thick, the physiological irritant becomes the
dominant factorin impairing visibility. The correlation presented was obtained from laboratory-scale
fires; smoke particulate production is expected to vary with the size of the fire and the orientation
of the fuel. Equation 18-1 can be used to calculate visibility in such large fires.
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18.11 Problems
Example Problem 18.11-1

Problem Statement
A compartmentis 30 ft width x 20 ft long x 15 ft high (w_x I, x h,). In the center of the compartment,
1 Ib of polypropylene is involved in flaming combustion:

(a) From the center of the compartment, can you see the “Reflecting Exit Sign” at either end of the
compartment?

(b) What if you increase the mass of burned fuel (polypropylene) to 2 Ibs?

Solution
Purpose:
(1) Determine the visibility of the exit sign.

Assumptions:
(1) Complete burning within the method specified

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 18_Visibility_Through_Smoke.xls

FDT?® Input Parameters:
-Compartment Width (w,) = 30 ft
-Compartment Length (1) = 20 ft
-Compartment Height (h.) = 15 ft
-Mass of fuel burn =1 |b
-Select Polypropylene
-Select Reflecting Signs
-Select Flaming Combustion

Results*

1 Ib of material 2 |b of material

Visible Distance 12.37 ft (3.77 m) 6.18 ft (1.88 m)
*see spreadsheet on next page

Therefore, the signs placed at either end of the room (10 feet away) are visible with 1 Ib
of material burning, but would not be visible if 2 Ib of material was burned.
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Spreadsheet Calculations
(a) FDT®: 18_Visibility_Through_Smoke.xls (1 Ib polypropylene)
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(b) FDT®: 18_Visibility_Through_Smoke.xls (2 Ib polypropylene)
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Example Problem 18.11-2

Problem Statement

A compartmentis 10 ft wide x 30 ft long x 12 ft high (w,x I, x h.). Whatis the minimum amount (Ib)
of rigid polyurethane foam involved in smoldering combustion necessary to obstruct the visibility
for the length of the compartment to a building compartment in reflective light?

Solution
Purpose:
(1) Determine the minimum mass of burning fuel that will obscure the sign.

Assumptions:
(1) Complete burning within the method specified

Spreadsheet (FDT®) Information:
Use the following FDT®:
(a) 18_Visibility_Through_Smoke.xls

FDT® Input Parameters:
-Compartment Width (w;) = 10 ft
-Compartment Length (1) = 30 ft
-Compartment Height (h,) = 12 ft
-Mass of fuel burn = variable
-Select Polyurethane Foam (Rigid)
-Select Reflecting Signs
-Select Smoldering Combustion

Results*

Visible Distance Mass of fuel burn

30 ft (9.42 m) .14 1b (.064 kg)
*see spreadsheet on next page
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Spreadsheet Calculations
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Example Problem 18.11-3

Problem Statement
An inspector finds 5 Ibs of PVC pipe in a compartment 10 ft wide x 30 ft long x 12 ft high
(w,x I, xh):

(a) What is the visibility to a reflecting sign given flaming combustion?
(b) What is the visibility to a reflecting sign given smoldering combustion?

Solution
Purpose:
(1) Determine the visibility under the different burning methods.

Assumptions:
(1) Complete burning within the method specified

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) 18_Visibility_Through_Smoke.xls

FDT® Input Parameters:
-Compartment Width (w,) = 10 ft
-Compartment Length (I,) = 30 ft
-Compartment Height (h.) = 12 ft
-Mass of fuel burn = 5 Ibs
-Select PVC
-Select Reflecting Signs
-Select Flaming Combustion (get result)
-Select Smoldering Combustion (get result)

Results*
Burning Method Visibility
Flaming .34 ft (0.10 m)
Smoldering .60 ft (0.18 m)

*see spreadsheet on next page
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Spreadsheet Calculations
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